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  Chapter 1 
 3 
1.1 General introduction to the global scenario of aquaculture 
1.1.1 Global fish production (fishery and aquaculture) 
The global population reached 7.2 billion people in 2014 and is expected to 
grow further to 9.6 billion people by approximately the middle of this century (UN, 
2014). An increase of almost 2.0 billion people creates a challenge to feed the 
population while safeguarding our natural resources for future generations. To date, 
capture fisheries and aquaculture provided 3.0 billion people with almost 20% of 
their average per capita intake of animal proteins, and a further 1.3 billion people 
with about 15% of their per capita intake (HLPE, 2014). However, this share can 
exceed 50% in some regions, such as West African coastal nations and Asia where 
fisheries have historically been the central elements in local economies. In the past 
five decades, global fish production has grown steadily and reached 167 million 
tonnes in 2014 of which 146 million tonnes were used for human consumption 
(Figure 1–1) (FAO, 2016). 
 
 
Figure 1–1 World capture fisheries and aquaculture production (FAO, 2016). 
 
Besides that, the production of farmed fish has increased 12 times in the last 
three decades at an average annual growth of over 8%, making it the fastest 
growing food production sector. Thus, with the declining of capture fisheries, one 
could foresee that the future increase in the demand for fish will have to be satisfied 
through aquaculture production. In 2013, the world’s food fish aquaculture 
production consisted of 67% finfish, 22% molluscs, 10% crustacean and 1% other 




Table 1–1 World aquaculture production quantity of food fish* and aquatic plants in 2013. 
Production of finfish, crustaceans, molluscs and other aquatic species from inland 
aquaculture and mariculture (Unit: 1000 tonnes, in live weight equivalent) (FAO, 2015).
 
 
1.1.2 European marine finfish culture 
 Focusing only on Europe’s marine finfish culture, its production spans broad 
latitude ranging from the Mediterranean to the North Atlantic. The three major 
species reared are Atlantic salmon (Salmo salar), European sea bass (Dicentrarchus 
labrax) and sea bream (Sparus aurata). Among these three species, Atlantic salmon 
is overwhelmingly dominating the production output with Norway, UK and Faeroe 
Islands as the major players driving a soaring production of this species (FEAP, 
2014). The enormous growth of Atlantic salmon production is due to an 
intensification of cage farming made possible by an improvement in breed selection, 
feed quality, husbandry and overall management. In addition, the total production of 
sea bass and sea bream by the major producers such as Turkey, Greece, Spain, 
France and Italy has also been steadily increasing from 2004 to 2013. In order to 
further support the growth of the output, production of fish juveniles also has to be 
increased. Despite the engagement of the European government for diversification 
of cultured species through national research and development programs, these 
three marine finfish species are still dominating the major market (Shields, 2001). 
This is due to the limited zoo-technical knowledge that is still hampering the 
diversification of other marine finfish as new cultured species. 
 
1.1.3 Production of European sea bass and its difficulties 
Next to Atlantic salmon, European sea bass, Dicentrarchus labrax (Linnaeus, 
1758) is among the most important marine fish species in Europe with a high 
commercial value both from capture and aquaculture production (Figure 1–2). It is a 
Perciform fish belonging to the Moronidae family and to the genus Dicentrarchus 
(Moretti et al., 1999). Sea bass spend most of their life in coastal lagoons and 
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estuaries, although it has been observed occasionally in rivers (Gisbert et al., 2014). 
In 2015, the southern European countries such as Greece and Turkey, followed by 
Spain and Italy accounted for 94% of the production of juveniles which represents 
1.100 million (or 1.1 billion) juveniles for stocking ongrowing farms (FEAP, 2016).  
There are slight variations in the hatching technique for sea bass eggs 
between different facilities. Where some hatcheries incubate the eggs directly into 
larval rearing tanks with 4000-7000 eggs per litre, some other hatcheries incubate 
eggs in small volume tanks of 100-500 litres, followed by stocking the larvae after 
hatching in larger volume rearing tanks (Gisbert et al., 2014). Hatching tanks are 
usually cylindro-conical fiberglass tanks with a flow through (open) water system in 
which the outlet water should not re-enter the tank (Figure 1–3). Sea bass eggs are 
pelagic and translucent with mean diameters ranging between 1.0-1.3 mm (Barnabe, 
1976). The incubation period of the eggs depends on the temperature, for example, 
at 15 or 17°C, the hatching will start after 85 or 69 h of incubation, respectively 
(Sachin et al., 2001). The optimal hatching temperature for sea bass is ranging 
between 15-17°C (Gisbert et al., 2014; Sachin et al., 2001). After hatching, larvae 
are reared using a method known as the ‘French technique’ which was developed by 
the Equipe Merea-IFREMER in the 80’s and has been used with some modifications 
by different hatcheries around Europe (Gisbert et al., 2014). This technique is 
characterized by a dark environment (20-100 lux) during the first few days after 
hatching, and by the use of small newly hatched brine shrimp as an initial food 
(Moretti et al., 1999). Feeding sea bass larvae on live prey usually lasts between 40-
50 days after hatching (DAH) till metamorphosis. Afterwards, fish fry are moved to 
weaning tanks based on the intensive system because they are more tolerant to 
small environmental variations. When the fry have reached the size of 2-5 g, they 
are moved out from the hatchery to be stocked in the fattening facilities, either in pre-





Figure 1–2 The European sea bass. Sea bass larvae at DAH7 with a wet weight ranging 
between 0.4-0.6 mg (top) and adult fish at marketable size with weight ranging between 300-
400 g (bottom). Image source, https://ec.europa.eu/fisheries/cfp/fishing_rules/sea-bass_en. 
 
 
Figure 1–3 General production cycles of European sea bass. (1) Hatching of fertilized eggs 
(left) is carried out in conical-shape tanks (right). (2) After hatching, larvae are transferred into 
rearing tanks and fed with Artemia nauplii as an initial food. (3) Thereafter, weaning takes 
place using formulated diets until metamorphosis and fry reaching the size of 2-5 g. (4) 
Finally, sea bass fry are being moved out to fattening or growing tanks. Image source, Moretti 




 In the past few decades, a significant progress has been made in the effort to 
reduce bottlenecks in sea bass production and resulted in increased output. This is 
especially attributed to the advancement in the knowledge of larval nutrition, for 
example the nutritional requirement of fish larvae after the transition from 
endogenous to exogenous feeding. This includes the knowledge of the requirement 
of important dietary lipids that play a role as a source of essential fatty acid (EFA) 
needed for normal growth and survival (Rainuzzo et al., 1995). Thus, with such 
improvements, the intensified production of marine finfish has become more common 
and is also compounded by the high demand for fish fry production (Read and 
Fernandes, 2003), including European sea bass. Nevertheless, some problems are 
still persisting in every stage of the sea bass production, for example the variability of 
fry production due to low survival rates. High and unpredictable mortality in the first 
weeks after hatching remains a challenging problem that needs to be solved 
(Galindo-Villegas and Mulero, 2014). The European sea bass is also known as a 
highly sensitive fish compared to other cultured species. This is because of its strong 
and prolonged stress-induced cortisol and increased biosynthetic capacity of 
interrenal tissue involving a high turnover in the corticosteroid production and release 
(Karakatsouli et al., 2012). Therefore, under stressful conditions, sea bass suffers an 
immune suppression that eventually could lead to an increase in susceptibility to 
pathogens including the opportunistic vibrio. Table 1–2 summarizes some of the 
important difficulties throughout the different stages of European sea bass culture. In 
every stage of production, bacterial and/or viral infections are being considered as 
one of the main bottlenecks. Vibrio anguillarum is causing mortality during disease 
outbreaks in adult fish (Demircan and Candan, 2006; Korun and Timur, 2008). As far 
as we know, reports on the involvement of V. anguillarum in mortality occurring at 
earlier life stages, for instance in the hatchery are scarce. However, V. anguillarum 
has been included in experimental infection trials by various research groups 
(Kotzamanis et al., 2007; Mosca et al., 2014; Torrecillas et al., 2012). V. anguillarum 
is an opportunistic pathogen of European sea bass. Field strains of V. anguillarum 
are causing clinical signs and mortality following experimental infections in 




Table 1–2 Critical aspects and difficulties during different life stages of sea bass culture. 
Stage Problems Reference 
Egg Very sensitive to the changes of 
physicochemical parameters 
Tort et al. (2014) 
Prone to infection (egg disinfection 
is highly recommended prior to 
stocking) 
FAO (1999) 
Larvae Development of abnormalities: 
Non-inflated swim bladder, 
deformities (spinal/caudal) and 
opercular anomalies 
Planas and Cunha (1999) 
Viral encephalopathy and 
retinopathy also known as viral 
nervous necrosis (VNN) caused 
by the genus Betanodavirus 
(DAH5-DAH45 post-hatching) 
Shields (2001) 
Bacterial (e.g. Vibrio, 
Photobacterium, Aeromonas) and 
parasite infection 
 
Fry/juvenile Stress (e.g. induced by grading or 
transportation) 
Sitjà-Bobadilla et al. (2014) 
Skeletal deformities and 
abnormalities 
Boglione et al. (2013) 
Viral encephalopathy and 
retinopathy (VNN) (outbreak 
usually occurs at > 20°C) 
Shields (2001) 
Bacterial (e.g. Vibrio, 
Photobacterium, Aeromonas) and 
parasite infections 
 
Cannibalism (in high density tank 
with ungraded population with 
incorrect feeding practices) 
Hatziathanasiou et al. (2002) 
Nephrocalcinosis (acidification of 
blood due to over production of 
CO2 with formation of CaCO3 in 
the kidney) 
Vandeputte et al. (2009) 
Adult Sudden mortality syndrome (SMS) 
especially in fish grow in floating 
cages 
Sitjà-Bobadilla et al. (2014) 
Viral encephalophaty and 
retinopathy (outbreak usually 
occurres at > 20°C) 
Shields (2001) 
Bacterial (e.g. Vibrio, 








1.2 Study objectives 
Industrial production of European sea bass is still hampered by low and 
unpredictable survival of larvae and juvenile fish due to infectious diseases such as 
infections caused by Vibrio sp.. High mortality in larviculture is a bottleneck for the 
expansion of sustainable sea bass aquaculture. Stimulation of the innate immune 
system of fish larvae could perhaps protect them against a Vibrio infection. 
Therefore, the general aim of our research was to administer candidate 
immunostimulants orally to European sea bass larvae in order to induce an innate 
immune response that could protect the larvae against mortality caused by an 
experimental Vibrio anguillarum infection. The specific objectives of the research 
were as follows: 
 
• To select an optimal strategy for oral delivery of candidate immunostimulants to 
sea bass larvae by examining the drinking rate and the uptake of different sized 
inert microparticles by European sea bass larvae (Chapter 3). 
 
• To prepare optimal alginate microparticles for oral administration (feeding) to 
European sea bass larvae by evaluating different formulations and preparatory 
methods, by testing the stability of the microparticles in sea water and finally by 
evaluating the uptake of alginate microparticles by sea bass larvae (Chapter 4). 
 
• To compare RT-qPCR and cDNA-AFLP in order to select the most suitable 
method for analyzing the expression of immune-related genes during future 
immunological experiments in gnotobiotic sea bass larvae (Chapter 5). 
 
• To investigate the immunostimulatory effect of recombinant ferritin-H and DnaK 
loaded alginate microparticles on gnotobiotic European sea bass larvae in order 
to protect them against an experimental infection with V. anguillarum (Chapter 6 




































2.1 European sea bass larval anatomy and physiology 
 The fish larva is a transitional life form that develops from the fertilized egg. 
Following hatching the organism is dependent on the yolk sac reserve as the source 
of nutrients and finally it will become capable of capturing and digesting its own prey. 
This life transition includes major changes in morphology, physiology and behavior of 
the larva (Figure 2–2, Table 2–1 and Table 2–2). Larval development of European 
sea bass may be divided into four different stages according to the use of 
endogenous (yolk-sac) and exogenous nutrients, as well as the development of the 
main organs and systems (Figure 2–1). In this part, the ontogeny of the sea bass 
larva is described. 
 
 
Figure 2–1 Anatomy of the European sea bass larva at DAH14 (Rekecki et al., 2009). 3D 
image reconstruction was done using a computer software (Amira version 4.0.1) and the larva 
was fed with Artemia nauplii. (1) Oral cavity, (2) pharynx, (3) esophagus, (4) liver, (5) gastric 
region, (6) pancreas, (7) midgut, (8) Artemia nauplii in the midgut, (9) hindgut, (10) urinary 
bladder, (11) eye, (12) swim bladder, (13) urinary duct and (14) notochord. 
 
Stage 1: yolk sac larvae or the endotrophic period 
 At hatching (DAH1, total length (TL) of 3.5 mm), the European sea bass 
larvae have a large yolk sac located beneath the digestive tract (García-Hernández 
et al., 2001). The yolk sac contains two types of nutrient reserve which is the vitellus 
and the oil globule (Diaz et al., 2002). At this stage, the pancreas and liver sketches 
appear surrounding the bulky vitelline vesicle (Giffard-Mena et al., 2006). Larvae are 
showing an immediate capacity of motion due to noticeable chord and myotomes 
(skeletal muscle), although the size of the yolk sac appears as a hydrodynamic 
disadvantage giving the jerky movement of the newly hatched larvae (Cucchi et al., 
2012). The mouth is still closed and is covered by an oropharyngeal membrane 
(Silva, 2007). However, the structures that are necessary to articulate the mouth 
such as the maxillary and Meckel’s cartilage, and also the gill arches for breathing 
start to form when the larval size is around 4 mm (Gluckmann et al., 1999). At this 
time point, the gut consists of an undifferentiated straight tube, limited by a single 
cellular layer, with a smooth lumen (García-Hernández et al., 2001). The gut is only 
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opened at the posterior end (Giffard-Mena et al., 2006). Cucchi et al. (2012) have 
suggested that the function of this opening is to transit the vitelline residues 
preparing the gut to receive exogenous material. The sign of lipid but not of protein 
digestion was observed in the epithelial cells of the digestive tract (Giffard-Mena et 
al., 2006). The kidney appears as an aglomerular pronephros on each side of the 
digestive tract that connects in the posterior part of the urinary bladder (Nebel et al., 
2005). The chloride cells (or ionocytes) are found only on the tegument from the 
head to the anus, particularly on the ventral sides, on the lateral sides and on the 
yolk sac (Varsamos et al., 2002). These ionocytes play an important function in 
osmoregulation before the development of fully functioning osmoregulatory organs. 
Additionally, a low ionic regulation was observed in the region of the future stomach 
and the presence of lamellar structures associated with mitochondria in the epithelial 
cells of the gut suggested that the digestive tract was involved in osmoregulation 
before the digestive function (García-Hernández et al., 2001; Giffard-Mena et al., 
2006). At the end of Stage 1 (DAH5, 5 mm TL), the gills are further developed with 
each gill comprising of four smooth arches (Varsamos et al., 2002).  
 
Stage 2: mouth opening 
 The mouth opening begins in larvae measuring 5 mm TL (between DAH4-5) 
and the yolk sac progressively decreases in size. At this point, the larvae have a 
mouth opening and are able to drink. By the end of this stage, the yolk sack will be 
completely absorbed. The swim bladder undergoes initial inflation when larvae are 
gulping the air at the water surface and pass it via the pneumatic duct (degenerated 
in the later stage) (Peruzzi et al., 2007). The larvae show active swimming alternated 
with periods of immobility in the water column (Barnabe, 1976). This type of 
swimming behavior is suggesting to be related to the under development of the 
lateral line system. Neuromast is the organ of the lateral line system. It consists of 
small patches of mechanoreceptive hair cells that is important in hydrodynamic 
sensory system implicated in many behaviors including feeding, nuptial 
communication, shoaling, exploration and orientation of the fish (Coombs et al., 
2001). At this stage, the number of neuromasts is increased to three pairs on the 
head and seven on the flank, aligned behind the pectoral fins which are beginning to 
develop (Diaz et al., 2003). Regarding the digestive system, the liver and the 
pancreas increase in size and volume, and zymogen granules (precursors of 
pancreatic digestive enzymes) increase in the exocrine pancreatic tissue (Kamac et 
al., 2010). The increase of zymogen granules between DAH3 and DAH5 was 
correlated with an increase in trypsin levels (Zambonino-Infante and Cahu, 1994). 
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Proteolytic enzymes such as trypsin from the pancreas are important during the early 
life stage because of the absence of a functional stomach with its acid protease 
known as pepsin (Rønnestad et al., 2013). Trypsin is the most important proteolytic 
enzyme in the early stage of marine fish larvae and plays a role in protein 
hydrolyses. At the end of stage 2, an esophagus, a gastric region, an intestine and a 
rectum are present, with the latter two separated by a valve (García-Hernández et 
al., 2001). Some morphological variations were observed during this phase, such as 
the appearance of goblet cells in the esophagus, a valvular structure indicating the 
beginning of the rectum, as well as mucosa folds in both the intestine and rectum 
(García-Hernández et al., 2001). The presence of supranuclear vacuoles in the 
middle and posterior intestine was also observed (García-Hernández et al., 2001; 
Rekecki et al., 2009). These supranuclear vacuoles are being involved in the 
intracellular digestion of absorbed proteins through pinocytosis (García-Hernández et 
al., 2001). Pinocytosis is important in sea bass larvae when the gastric glands are 
not yet developed. The pronephric kidney becomes functional at this stage (Nebel et 
al., 2005). Finally, the chloride cells increase in the gill arches and later will 
exclusively be located in the developing gill filament (Varsamos et al., 2002). 
 
Stage 3: complete yolk resorption and swimming bladder final differentiation 
 At this stage, the swim bladder is further developed (11 mm TL) and 
characterized by the expansion of the initial air bubble resulting in a larger 
hydrostatic organ (Chatain, 1989). Complete inflation of the swimming bladder (circa 
DAH25) is important to ensure the larvae obtain their natural buoyancy and larvae 
with a non-inflated swim bladder have been associated with reduced survival, 
impaired growth and skeletal deformities (Woolley and Qin, 2010). The number of 
neuromast organs is further increased, aligned along the future position of the lateral 
line system (Diaz et al., 2003). At the end of this stage, larvae begin to display 
gregarious behavior coinciding with the further development of the lateral line and 
eyes (Diaz et al., 2003). Regarding the digestive system, the mucosal folds of the 
esophagus’ surface becomes deeper and with the presence of goblet cells secreting 
neutral or acid mucins (García-Hernández et al., 2001; Rekecki et al., 2009). At the 
presumptive stomach, the primordial pyloric sphincter is developed, therefore 
separating the presumptive stomach and the intestine (Rekecki et al., 2009). At 
DAH15, the zymogen granules are dense and homogenous, and occupy most of the 
lumen and tubules of pancreas (Kamac et al., 2010). At this point, the changes in 
ultrastructure of pancreas have been related to variations in enzymatic activity, 
especially trypsin. The trypsin activity can vary between individuals of the same size, 
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especially after the start of exogenous feeding (Nolting et al., 1999). The variation in 
the activity of trypsin was related to feed intake and stomach replenishment, and 
starvation or reduced food intake that normally results in a decrease of enzyme 
activity (Gisbert et al., 2014). Finally, the ionocytes are fully differentiated and their 
activity increases (Varsamos et al., 2002). At this point, the osmoregulation process 
is shifting from the integuments to the gills and kidney, and esophagus to a lesser 
extent as osmoregulatory organs (Giffard-Mena et al., 2006; Varsamos et al., 2002). 
The bone mineralisation was observed in larvae from 8.3 mm TL (DAH25) until 15.5 
mm TL (DAH40) in nearly the whole larval skeletal including skull, vertebral column 
and caudal complex (Darias et al., 2010). 
 
Stage 4: development of gastric glands and end of the larval development 
 This stage marks the end of the larval development and the beginning of the 
juvenile phase. After the formation of the dorsal and anal fin, and the swim bladder is 
fully inflated, larvae show a sustained swimming behavior. Regarding the digestive 
system, the esophagus and rectum present minor changes. At circa DAH55, the 
epithelium that lines the gastric mucosa folds transversally and forms the gastric pits, 
where the first gastric glands will be differentiated (Zambonino-Infante et al., 2008). 
The development of gastrointestinal tract is completed during this stage with the 
formation of gastric glands, marking the transition from larva to juvenile (Zambonino-
Infante et al., 2008). The completely differentiated stomach now consists of a 
glandular descending branch and a non-glandular ascending branch or pyloric one, 
thus corresponding to cecal type (García-Hernández et al., 2001). At this point, the 
decrease in expression level of trypsin gene and increase in expression level of 
gastricin gene (pepsinogen C) suggesting the importance of acid digestion in sea 
bass (Darias et al., 2008). At this stage, larvae have the capacity to maintain plasma 
osmolarity through osmoregulation (Varsamos et al., 2004). The ionocytes are now 
exclusively located in the developing gill filament and from the juvenile stage 
onwards, the structure of the gills and the distribution of ionocytes are as observed in 
young adults adapted to sea water (Varsamos et al., 2002). The amount of 
hematopoietic tissue increases in the head kidney and the pronephric tubules 





Figure 2–2 European sea bass larval development at 15 °C (Barnabe, 1976). 
 
Table 2–1 Description of developmental changes of sea bass larvae according to their age 
(at 15°C) (Barnabe, 1976). 
Figure Age (DAH) Developmental changes 
A 1 The oil globule orients the ventral part of the larvae in upwards position. 
B 3 The yolk reserves decrease and larva size increase. 
C 5 
The pectoral fins and eye pigmentation start to 
develop. Larvae are immobile and their heads are 
facing towards the bottom of the tank. The mouth 
begins to open. 
D 7 
The mouth opens, the eyes are pigmented and 
larvae are oriented almost horizontally. Larvae 
show periods of active swimming alternated with 
periods of immobility in water column. 
E 12 
The yolk sack reserves are exhausted with the 
exception of vestiges of the oil globule. An active 
feeding is established (endoexotropic period). 
F 15 
The liver is clearly visible and larvae are well 
pigmented and feed actively. The rays of caudal fin 
start to form. 
G 17 
The yolk sack is completely depleted and 
swimming activity is almost constant. The skin is 
heavily pigmented along the vertebral axis. 
H 20 The vertebrae are visible along the vertebral column.  
I 25 The swim bladder inflates and is clearly visible. 
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J 28 The rays of the caudal fin are formed. 
K 32 The anal fin begins to form. 
L 35 
The presence of 17, 13 and 12 rays in the caudal, 
anal and dorsal fin, respectively. Their swimming 
capacities are improved. 
M 40 
The caudal fin becomes homocercal and the 
primordial fin fold is almost reduced to the post 
anal region. The pelvic fins appear 2-3 days later. 
The main structures, with the exception of the first 
dorsal fin, are acquired at this stage. The scales 



























Table 2–2 Immune markers used to study the development of adaptive immunity in European sea bass larvae. 
Marker used for the 
adaptive immunity Observations Days (DAH/DPF) Technique used Reference 
ighm gene IgM mRNA transcript In eggs and larvae (up to 80 DPF) RT-qPCR 
Cordero et al. (2016) 
ight gene IgT mRNA transcript In eggs and larvae (from 3-31 DPF) RT-qPCR 
Pab of sea bass IgM 
IgM 
In eggs and larvae 
(gradually decline 
from 0-5 DAH) 
ELISA 
Breuil et al. (1997) 
IgM 




 Mature IgM 
Gradually increase 
from 30-50 DAH Flow cytometry 
Mab DLT15 Pre-T cells (DLT15+) 5-12 DAH Flow cytometry 
Dos Santos et al. (2000) 
  Pre-T cells (DLT15+) 30 DAH Immunocytochemistry  
  Mature/adult level of T cells (DLT15+) 137-145 DAH 
Flow cytometry and 
immunocytochemistry 
Mab Ig-heavy (WDI 1) and 
Ig-light (WDI 3) 
Pre-B cells having cytoplasmic 
Ig+ 52 DAH onwards Immunocytochemistry 
  Pre-B cells having surface Ig+ 59-68 DAH and onwards 
Flow cytometry and 
immunocytochemistry 
  Mature/adult level B cells 137-145 DAH  Flow cytometry and immunocytochemistry 
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tcrβ gene TCRβ mRNA transcript 19 DPF, increase by 
33 DPF and max 
between 60-90 DPF 
RT-qPCR 
Romano et al. (2011) Sea bass TCRβ RNA 
probe 
TCRβ+ cell 38 DPF in thymus In situ hybridization 
 TCRβ+ cell 72-90 DPF (large 
influx) 
In situ hybridization 
Mab DLT15 T cells (DLT15+) 35 DPF in thymus In situ hybridization 
tcrβ gene TCRβ mRNA transcript 21-25 DAH RT-qPCR 
Picchietti et al. (2008) 
cd8α gene CD8α mRNA transcript 40-50 DAH RT-qPCR 
cd4 gene CD4 mRNA transcript 40-50 DAH RT-qPCR 
 
Pab = polyclonal antibody, Mab = monoclonal antibody, DAH = days after hatching and DPF = days post-fertilization 
Chapter 2 
 21 
2.2 Diseases in European sea bass larviculture 
2.2.1 Infectious diseases 
Due to intensification, European sea bass larviculture has been affected by 
significant infectious disease problems in recent years. Infectious diseases caused 
by bacteria, viruses, fungi and parasites are now being considered as a primary 
constraint to the culture of many aquatic species that could disturb both economic 
and social development in many countries. In intensive larviculture, a high load of 
organic matter and bacteria can change the normal interaction between bacteria and 
larvae towards the one that is detrimental (Vadstein et al., 1993). The combination of 
several factors such as high larval density, accumulation of dead larvae and the 
introduction of bacteria through live food, could promote selection and growth of 
opportunistic bacteria that normally have restricted opportunity for growth in the sea 
(Skjermo and Vadstein, 1999). Basically, infection can occur when deteriorating 
husbandry and/or environmental parameters facilitate the establishment of pathogen 
manifestation. This initial infection may weaken the fish that further leads to 
secondary infections. 
 
2.2.2 Non-infectious diseases 
The production cycle of European sea bass could also be hampered by non-
infectious factors. This includes the disruption from routine aquaculture practices or 
from disturbance of environmental factors. European sea bass has a higher 
sensitivity towards physiological stress compared to other Mediterranean aquaculture 
species (Fanouraki et al., 2011) which makes it very sensitive to any stressful 
situation associated with intensive aquaculture practice (Sitjà-Bobadilla et al., 2014). 
Routine aquaculture practices such as handling, grading, transportation and 
vaccination, both in nurseries and ongrowing facilities have always been related to 
stress and lesions. Sea bass stocked at high stocking densities and exposed to a 
great extent of handling procedures show traumatic fin damage and tissue lesions, 
leading to increased risk of infection (Person-Le Ruyet and Le Bayon, 2009).  
Another striking problem that can be induced during the embryonic and post-
embryonic sea bass stages are body abnormalities for example vertebral and 
skeletal anomalies, absence of swim bladder, lordosis and scoliosis, due to abiotic 
(light intensity, pH, salinity), biotic (nutritional, stocking, handling, infection) and 
xenobiotic (algaecides, fungicides, heavy metals) determinants (Divanach et al., 
1996). In hatcheries and nurseries with high stocking densities, ungraded and 
incorrect feeding practices could lead to sibling cannibalism in some of these stages 
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(Hatziathanasiou et al., 2002; Katavić et al., 1989). Another problem affecting sea 
bass at larval or juvenile stage includes gas bubble disease and the formation of 
renal calculi known as nefrocalcinosis (Sitjà-Bobadilla et al., 2014). 
 
2.2.3 Disease management (prevention and treatment) 
In order to prevent both infectious and non-infectious diseases in sea bass 
larviculture, hatcheries had to implement more strict and rigorous procedures of fish 
health management. In sea bass hatcheries, UV-treatment and filtration systems are 
frequently used to remove most of the pathogens from the water. At the same time, 
antibiotics have been used mainly for therapeutic purposes. But some hatcheries still 
use it as prophylactic agents to increase or maintain production output (Rodgers and 
Furones, 2009). However, this routine administration of antibiotics as prophylactic 
treatments at hatchery stages has been discredited (Skjermo and Vadstein, 1999). 
Nevertheless, some therapeutic measures against bacteria were being applied if a 
disease was diagnosed but only limited to therapeutics that were approved and 
registered by the government (Lafferty et al., 2015). At the larval stage, the use of 
vaccines is not the best option because of the under developed adaptive immunity. 
Nevertheless, the oral application of various immunostimulants is a promising 
approach for priming the innate immune system and protect the fish larvae when 
their acquired immune system is not yet fully developed (Bricknell and Dalmo, 2005; 
Magnadóttir, 2006; Vadstein et al., 2013). Despite of all these preventative 
measurements, many pathogens still pose a threat to the production of sea bass 
larvae. Common practices in sea bass hatcheries or nurseries to control and avoid 




Table 2–3 Currently used prophylactic and therapeutic measurements in European sea bass larviculture against infectious and non-infectious threats. 
Adapted from Moretti et al. (1999). 










































































Strict control of environmental parameters & techniques        
Water salinity and temperature* (same with spawning condition)       X       
Photoperiod (16 h light and 8 h dark if temperature <21°C)    X    
Light intensity (500 lux at water surface) by using 'French technique'       X   X   
Water flow (no strong current)    X X   
Water exchange  
(none during first feeding and gradually increase to metamorphosis) X     X X     
Aeration    X X   
Dissolved oxygen (80-100%)       X       
Total ammonia nitrogen (<0.5 mg L
-1
)    X    
Introduction of surface skimmer         X     
Fry grading      X  
                
Feeding         
Live prey at first feeding (Artemia nauplii)             X 
High prey density (for the first 10 days)       X 
Combination of rotifers and microalgae       X X X   
Enrichment of live feeds (also with medicated HUFA emulsion) X      X 
                
General hygiene        
Cleaning filter and mesh screen of the tank X X X         
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*Temperature slowly being increased (0.5 °C/day) to reach 18 °C after yolk sac resorption. 
 
Siphoning tank bottom X X X     
Ozonisation of natural sea water X X      
                
Quantitative and qualitative control        
Quantitative measurement of feeding quality           X X 
Qualitative measurement of stress: abnormal behavior, absence of schooling, 
appearance of calculosis  
   X    
                
Reducing risks during transfer        
Well prepared equipment       X       
Well trained staff    X    
Reduce or avoid touching the fish fry       X       
Increasing amount of vitamin C (prior to transferring)    X    
        
Therapeutic treatments for eggs or larvae and fry with symptoms             
Eggs disinfection (gluteraldehyde, formalin or iodine) X  X     
Antibiotic administration through feed (Flumequine max 600µg L
-1
 and 
oxolinic acid at max 100µg L
-1
) 
X             
Ampicillin (5 mg L
-1
/6 h) X       
Formaline      X         
CuSO4   X     
        
Other new and alternative therapeutic treatments        
Use of probiotics i.e. Lactobacillus sp. and Bacillus sp. X   X    
Addition of commercial immunostimulant i.e. β-glucan  X    X        
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2.3 Vibrio anguillarum infections in larviculture 
2.3.1 Historical overview 
Vibrio-associated diseases affecting fish have a long history and have been 
recorded in literature for quite some time. What appears to be the first recorded 
description of a bacterial fish disease is the report of an outbreak of ‘red pest’ 
affecting eels in Italy in 1718 given by Bonaveri in 1761 (quoted by de Bouville, 
1907). After the first recorded description, the bacterium was first isolated by 
Canestrini (1893) who named the organism as Bacterium anguillarum (Austin and 
Austin, 2012). During 1907, another outbreak among eels occurred in Sweden and 
was investigated by Bergman (1909) who later coined the name of the bacterium as 
Vibrio anguillarum. Other names for the description of the disease such as ‘red boil’, 
‘red plague’ or ‘saltwater furunculosis’ have also been applied. To date, the term 
‘vibriosis’ is widely accepted and used to refer to any infection caused by Vibrio spp. 
(Austin and Austin, 2012; Bullock, 1977). 
 
2.3.2 Characteristics and taxonomy 
V. anguillarum is a Gram-negative, curved rod-shaped (0.5-0.8 µm) and a 
motile bacterium. It is also a non-spore forming, facultative anaerobic and halophilic 
bacterium that thrives in a salty environment (Crosa and Welch, 2004). The bacteria 
can grow in an environment with temperature between 15-37°C and in a media 
containing 0.3-3.0% (w/v) sodium chloride or in media containing sea water salts. 
Additionally, these bacteria can also survive in fresh water by formation of biofilm. 
Cultured colonies usually appear cream-coloured with shiny colonies, round in shape 
and with a raised elevation. 
 V. anguillarum is taxonomically classified as bacterium, phylum 
Proteobacteria, class Gamma Proteobacteria and family Vibrionaceae (Figure 2–3) 
(Farmer III et al., 2015). The taxonomy of the pathogen has had a chequered history 
in regard to the genus to which it is supposed to be classified. After the report by 
Bergman in 1909, many related bacteria were isolated, for example V. piscum in 
1927 and Actinobacter ichthyodermis in 1944. The characteristics of these bacteria 
were compared to V. anguillarum and renamed as V. anguillarum (Hendrie et al., 
1971). More than a decade later, V. anguillarum was reclassified under a new genus 
Listonella on the basis of the 5S rRNA study by MacDonell and Colwell (1985). 
However, the changes of the name were not widely accepted and it has been 
proposed that Listonella is a heterotypic synonym of Vibrio, and the epithet 
anguillarum should be included in Vibrio (Thompson et al., 2011). Consequently, the 
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Figure 2–3 Taxonomic classification of V. anguillarum. 
 
2.3.3 Biotype, serotype and genotype 
A pathobiology understanding of V. anguillarum was further expanded by a 
detailed characterization of the strain based on its phenotypic and genotypic 
differences by a typing method. A biotyping method distinguished the bacteria based 
on several factors, for example: the pattern of metabolic activities expressed by the 
bacterial isolate, colony morphology and environmental tolerance. Based on these 
different factors, distinction was drawn between strains and they were referred as a 
biotype. The earliest biotyping based on biochemical classification of V. anguillarum 
resulted into two biotypes (A and B) based on sucrose and mannitol utilisation and 
indole production (Nybelin, 1935). Over the next 26 years, biotype C was added by 
Smith (1961), and two further biotypes (D and E) by Larsen (1979). However, this 
biotyping method was considered inadequate and highlighted the importance of 
serological typing. This is due to the fact that bacterial strains of the same species 
can differ in antigenic determinants expressed on the cell surface such as 
lipopolysaccharides, membrane proteins, capsular polysaccharides, flagella or 
fimbriae. This leads to the designation of two biotypes (1 and 2) with biotype 1 
referring to the typical and biotype 2 referring to the atypical V. anguillarum strains, 
respectively (Schiewe et al., 1977). Later on, V. anguillarum biotype 2 was being 
classified as a new species, currently known as Vibrio ordalii (Grisez and Ollevier, 
1995; Schiewe et al., 1981). Serological typing allowed bacteria to be distinguished 
based on these antigenic determinants. In 1969, three serotypes of V. anguillarum 
were described based on a serological analysis of thermo stable antigens; Northwest 
salmonid vibrios (serotype 1), European vibrios (serotype 2) and Pacific herring 
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vibrios (serotype 3) (Pacha and Kiehn, 1969). Since then, several serotyping 
systems based on the slide agglutination method with thermo stable O-antigen were 
developed. The presence of ten O-antigen serotypes was later reported by Sørensen 
and Larsen (1986), based upon an examination of 495 isolates, representatives of 
which shared a common 40 kDa major outer membrane protein (MOMP) represents 
a porin from the outer membrane structure (Simón et al., 1996). To date, 23 O-
serotypes (O1-O23) of V. anguillarum have been identified. Only serotypes O1 and 
O2, and to a lesser extent serotype O3 are associated with vibriosis in fish (Larsen et 
al., 1994), while the rest of the serotypes are represented as non-pathogenic 
environmental bacteria (Frans et al., 2011). Within serotype O2, two different 
patterns of serological reactions were detected and the O2 serotype was further 
divided into two subgroups (O2α and O2β). These two subgroups are the same as 
O2a and O2b which were described by Danish investigators (Toranzo and Barja, 
1990). 
Apart from serotyping identification, the knowledge from genome sequence 
becomes an important source to obtain genotypic information of V. anguillarum. The 
first complete sequence was available for V. anguillarum strain 775 with the genome 
size of approximately 4.1 Mbp (Naka et al., 2011). This genome consists of two 
circular chromosomes, chromosome 1 (Chr1) of 3,063,92 bp and chromosome 2 
(Chr2) of 988,135 bp, in addition to the 65,009 bp pJM1 plasmid, which carried 
anguibactin biosynthesis and ferric anguibactin transport genes. In addition, the 
genomes of 15 other V. anguillarum strains have been sequenced and de novo 
assembled by comparing to strain 775 resulting in high-coverage sequences 
(Busschaert et al., 2014). Over the last couple of years, genotyping analysis based 
on the available sequences such as 16S rRNA gene (1365 bp), amiB (365 bp; 
encodes N-acetylmuramoyl-l-alanine amidase gene) and empA (371 bp; encodes a 
zinc metalloproteinase gene) have shown some correspondence between genetic 
clustering and serotype (Frans et al., 2013). However, direct construction of 
phylogenetic tree based on the in silico concatenated sequences of these genes 
could not discriminate different V. anguillarum strains due to a high degree of 
conservation of these genes (98-100% similarity) (Frans et al., 2013). These results 
indicated that the members of V. anguillarum species are genetically heterogeneous. 
Nevertheless, identification of different V. anguillarum isolates based on RAPD-PCR 
(Randomly Amplified Polymorphic DNA-PCR) using gene responsible for 




In this thesis, V. anguillarum (HI-610) was used in experimental infections. 
This strain is known as a serotype O2a isolate and was obtained from infected cod 
(Gadus morhua) (Samuelsen and Bergh, 2004). Previously, V. anguillarum (HI-610) 
has been used in other studies and shown to be highly pathogenic towards 
gnotobiotic sea bass larvae (Frans et al., 2011; Li et al., 2014; Rekecki et al., 2012). 
 
2.3.4 Susceptible species 
Vibriosis is considered the most prevalent disease among bacterial fish 
diseases and it is occurring worldwide. Fish of all ages are susceptible, where the 
pathogen has been isolated from both young and adult fish (Bullock, 1977). 
Previously, more than 500 V. anguillarum strains were isolated from feral and farmed 
fish, invertebrates, as well as from seawater and sediment (Sørensen and Larsen, 
1986). This shows the wide range of species that are susceptible towards V. 
anguillarum infection and the capability of the bacteria to survive in different 




Table 2–4 Species of cultured fish and shellfish reported to be affected by a V. anguillarum 
outbreak. These species comprise economically important as well as economically non or 
less important species (Toranzo, 2004; Toranzo and Barja, 1990). 
Species (common name) 
Fishes Mollusks Crustaceans 
Anguilla anguilla  
(European eel) 








Penaeus sp.  
(Shrimp) 




























Pagrus major  
(Red sea bream) 
  
Plecoglossus altivelis  
(Ayu) 
  
















Sparus aurata  
(Sea bream) 





2.3.5 Pathogenesis and virulence factor 
V. anguillarum is able to cause mortality in larvae of Atlantic cod (G. morhua) 
(Engelsen et al., 2008; Sandlund et al., 2010), turbot (S. maximus) (Planas et al., 
2005; Sandlund et al., 2010), halibut (H. hippoglossus) (Sandlund et al., 2010), 
European sea bass (D. labrax) (Dierckens et al., 2009; Li et al., 2014; Rekecki et al., 
2012), as well as in larvae of other species presented in Table 2–4. In aquaculture 
conditions, including larviculture, the microbial community (pathogenic or non-
pathogenic) that co-exists with fish is ubiquitous but infection can only occur if the 
husbandry and/or environmental parameters facilitate the establishment of pathogen 
manifestation. The mode of infection usually starts with a deteriorating environmental 
condition causing stress to the fish. It has been shown that V. anguillarum infection in 
fish larvae can be transmitted by a water-borne route (Dierckens et al., 2009; 
Engelsen et al., 2008; Li et al., 2014; O’Toole et al., 2004; Rekecki et al., 2012) and 
food-borne route (Grisez et al., 1996; Planas et al., 2005). In general, bacterial 
infection in fish occurs through the skin, gills and gastrointestinal tract (O’Toole et al., 
2004). Despite of that, the route of V. anguillarum infection in fish larvae is still 
debatable (Engelsen et al., 2008). This is due to different observations of the initial 
infection sites, for example, Grisez et al. (1996) observed the anterior part of the gut 
as the initial site for V. anguillarum infection in turbot larvae and Sandlund et al. 
(2010) observed the presence of bacteria in the gastrointestinal tract, abdominal 
cavity, gall bladder and kidney. While, Rekecki et al. (2012), demonstrated that the V. 
anguillarum serotype O2a (HI-610) was found scattered in the esophagus and lumen 
of mid- as well as hindgut of gnotobiotic European sea bass larvae. Additionally, they 
noted only 13% of the sea bass larvae in their study were detected with very few V. 
anguillarum on the skin and concluded that no significant colonization of the bacteria 
was observed. In another study, positively stained V. anguillarum could only be 
observed in early developed sensory cells in the side of the head of halibut larvae, 
but not in the gut (Sandlund et al., 2010). Overall, V. anguillarum appears to interact 
differently in different host species.  
Before bacterial translocation could occur and significantly develop an 
infection, V. anguillarum must adhere and then colonize the site of attachment by 
using their virulence factors. The flagellum and the chemotactic motility of the 
bacterium are required in establishing the first step of the pathogenesis of vibriosis, 
which is colonization. V. anguillarum possesses a single polar flagellum that 
mediates chemotactic mobility towards the mucus layer of the host and therefore 
contributes to colonization (Crosa and Welch, 2004). Five flagellin (a polymeric 
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protein that is the major constituent of bacterial flagella) genes, encoding flaA, flaB, 
flaC, flaD and flaE were identified (McGee et al., 1996). Mutations on the flaA gene in 
V. anguillarum clearly decreased motility and would account for the loss in virulence 
when fish were infected via immersion (Milton et al., 1996). Additionally, the cheR 
gene is encoding a cytoplasmic methyl transferase which is essential for the 
response to chemotaxic signals by V. anguillarum (Frans et al., 2011). Deletion of the 
cheR gene in V. anguillarum showed a decreased capability in host colonization and 
impaired virulence in an immersion challenge but no decrease of virulence observed 
upon an intraperitoneally injection (O’Toole et al., 1999). This showed that 
chemotaxis plays an important role in the movement of the bacterium towards the 
host but not in infection and persistence in the host (Frans et al., 2011). 
Lipopolysaccharide (LPS) is a major component of the outer membrane 
surface of a Gram-negative bacterial cell wall. LPS is an important structural 
component of the membrane integrity that could induce a strong immune response in 
the host and play a role in serum resistance. The blood serum is bactericidal and 
many bacteria are instantly killed by it. However, some bacteria such as V. 
anguillarum are resistant against this bactericidal effect of the blood serum. This 
resistant is known due to the availability of LPS. The LPS consists of three 
components: (1) an outer polysaccharide region known as O-antigen, (2) a highly 
conserved polysaccharide chain called core and (3) an inner hydrophobic 
phospholipid region known as lipid A (Bos and Tommassen, 2004). High virulent 
strains of V. anguillarum produce higher amounts of LPS compared to low virulent 
strains (Aoki et al., 1985). In V. anguillarum serotype O2, a rfb gene cluster which is 
responsible for the biosynthesis of the LPS O-antigen was characterized (Amor and 
Mutharia, 1995). 
Exopolysaccharides (EPS) are high molecular weight polymers composed 
of sugar residue and secreted into the surrounding environment (Nwodo et al., 2012). 
Production of EPS by bacteria is a common strategy utilized by Vibrio species 
including V. anguillarum for biofilm formation. This biofilm plays an integral role in the 
attachment of bacterial cells to a host or environmental surfaces and in bacterial 
survival, both within and outside of a host (Morris and Visick, 2010). Two sets of 
transcribed putative operons (orf1-wbfD-wbfC-wbfB and wza-wzb-wzc) were 
identified in V. anguillarum. These putative operons are responsible for EPS 
biosynthesis (Croxatto et al., 2007). The regulation of these putative operons by V. 




Haemolytic activity by V. anguillarum has been suggested to be one of the 
virulence factors during infection in fish by contributing to hemorrhagic septicemia 
(Hirono et al., 1996). Hirono and his colleagues were the first in reporting a 
haemolysin gene from V. anguillarum, vah1, a homologue of V. cholerae El Tor 
haemolysin known as HlyA. V. cholerae haemolysin HlyA is a water-soluble protein 
that forms transmembrane pentameric channels in the target organisms’ 
biomembranes (Chattopadhyay et al., 2002). It is a proteolytic protein that causes 
pore formation. A further discovery was made by Li et al. (2013), who reported two 
haemolysin gene clusters in V. anguillarum, the first cluster as rtxABCDE and the 
second cluster that contains the vah1 gene, haemolysin-like gene (plp) and two 
putative lipase-related genes (IlpA and IlpB).  
Siderophore-mediated iron uptake is one of the most important virulence 
factors in pathogenic bacteria and it is a very efficient iron sequestering system. Iron 
is an essential metal for all living organisms. However, availability of free iron in the 
host is extremely limited and pathogenic bacteria need to overcome this limitation to 
survive and establish an infection. This siderophore-mediated iron uptake enables 
the bacterium to sequester iron form the iron-binding protein of the host to be utilized 
for its metabolism (Crosa and Welch, 2004). Two siderophore-mediated iron uptake 
systems have been described in V. anguillarum. The first one is mediated by the 
anguibactin siderophore; a 65-kb pJM1 plasmid that is present in the serotype O1 
strain (Naka and Crosa, 2011). The second one is mediated by the vanchrobactin 
siderophore and it is widespread in many strains belonging to different serotype O2 
and some non-plasmid serotype O1 (Lemos et al., 2010). 
 
2.3.6 Clinical signs of infection 
Vibriosis is a highly fatal hemorrhagic septicemia disease. The first signs of 
imminent mortality are anorexia, darkening of the skin and sudden death. Periorbital 
oedema (pop-eye) and/or ascites (dropsy) may also be observed. In young fish, 
clinical signs of infection are difficult to observe and according to Hendrikson et al. 
(1983), sudden death may be the only sign of infection. Previously, cod larvae 
challenged with V. anguillarum (HI-610) displayed only a few signs of pathology, 
albeit bacteria were observed in the gastrointestinal tract (Sandlund et al., 2010). In 
another study, the swim bladder of European sea bass larvae was visibly colonized 
after 48 h post-exposure to V. anguillarum strain HI-610 labelled with green 
fluorescence protein (GFP-HI-610) (Rekecki et al., 2012). An inflammation of the 
swim bladder in fish larvae may lead to abnormal developments such as spinal 
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deformities. Due to these deformities, larvae spend more energy on swimming to 
maintain their position rather than through swimming bladder buoyancy. Finally, this 
condition can lead to a declining growth and their overall survival rates (Woolley and 
Qin, 2010). 
 However, clinical signs of vibrio infection in adult fish were more prominent 
and related to hemorrhagic septicemia. Infected fish show skin discoloration, 
presence of red necrotic lesions of the abdominal muscle, bloody blotches 
(erythema) at the base of the fins, around the vent (Figure 2–4) and within the 




Figure 2–4 The macroscopic lesions caused by vibriosis in an adult sea bass. Typical signs 
of vibriosis are (A) haemorrhages in fins, head and vent, and distended abdomen (arrows), 




2.4 The immune system in fish 
 The immune system of fish is very similar to vertebrates, although there are 
some differences (Figure 2–5). As in mammals, it consists of an innate immune 
system and an adaptive immune system (Biller-Takahashi and Urbinati, 2014). The 
innate immune mechanisms are at the forefront of immune defense and are a crucial 
factor in disease resistance. The antigen-specific, adaptive immune response of fish 
is commonly delayed but is essential for long-lasting immunity and is a key factor in 
successful vaccination. In fish, the lymphoid tissues are the thymus, head kidney, 
spleen and the mucosa-associated lymphoid tissue (MALT) (Zapata et al., 2006).  
 
 
Figure 2–5 Schematic representation of the concept of the fish’s immune system (Biller-
Takahashi and Urbinati, 2014). The activation of the defense process and pathogen 
destruction involves the sensing and effector arm consist of cellular and humoral components 
(see Figure 2–6). 
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2.4.1 Innate immune defense mechanisms 
The innate immune defense mechanisms provide a broad-spectrum host 
defense towards a wide range of pathogens and are considered as the first line of 
defense with a prompt action against invading pathogens. The innate immunity also 
plays an instructive role in the homeostasis and precedes the adaptive immune 
response.  
 Innate immunity can broadly be divided into a sensing arm and an effector 
arm (Figure 2–6). The former deals with how all multi-cellular organisms, including 
fish and shellfish, recognise infection and the latter with how cellular responses are 
involved in combating infections. Each arm of innate immunity may further be divided 
into cellular and humoral components (Uribe et al., 2011). The latter two will be 
described in more detail. 
 
 
Figure 2–6 The sensing and effector arm of the innate immune system in fish. Each has a 




2.4.1.1 Key cell types involved in innate immunity 
Fish have various types of phagocytic cells which will be described in this 
chapter (Figure 2–7). Phagocytosis is the process utilized by many cells to ingest 
microbial pathogens and it is a critical process during an innate immune response. 
 
 
Figure 2–7 Zebrafish haematology (Stachura and Traver, 2016). This figure shows the key 
cell types which are involved in immunity. 
 
In fish, neutrophils are the major type of phagocytic granulocytes. They are 
formed in the head kidney and then migrate to the bloodstream. About 12 hours later 
they can be found in tissues when an inflammation and/or infection occurs 
(Havixbeck and Barreda, 2015). Fish neutrophils do not differ much from their 
mammalian counterpart (Galindo-Villegas and Mulero, 2014). They have a fine 
granular cytoplasm with a central, irregular, sausage-shaped core (young cells) or a 
central segmented core (older cells). As in mammals, the granules of fish neutrophils 
contain several enzymes such as myeloperoxidase, lysozyme, azurocidin, elastase, 
cathepsin, proteinase 3 and defensins (Morel et al., 1991). Neutrophils are equipped 
with a complex molecular machinery to sense the site of infection, to crawl towards 
the invading microorganisms, to ingest them by phagocytosis and subsequently kill 
them. Once the neutrophil encounters invading microorganisms, reactive oxygen 
species (ROS) are massively generated in an oxidative respiratory burst reaction 
with the help of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. 
This is a multi-subunit enzyme complex that is assembled on the phagosomal 
membrane (Petry et al., 2010). Mature neutrophils have a small Golgi apparatus and 
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only very few ribosomes, mitochondria and rough endoplasmic reticulum. 
Consequently, they cannot produce large quantities of proteins. Thus, neutrophils 
catch and destroy foreign material by phagocytosis and by neutrophils extracellular 
trap (NETs) (Brinkmann et al., 2004).  
Eosinophils are the second most important polymorphonuclear granulocyte. 
Eosinophils have been described in several fish species. Their cytoplasm contains 
granules that retain acidic dyes such as eosin, and thus stain red. The eosinophilic 
precursors first appear in early larvae and in the adult, they proliferate and mature in 
the head kidney and are abundant in the intestinal mucosa (Lieschke and Trede, 
2009). The mature circulating eosinophils then circulate briefly in the blood (half-life 
30 minutes), before migrating into the tissues (half-life 12 days). Eosinophils are 
phagocytic cells. Their granules contain, in contrast to those of the neutrophils no 
lysozyme but instead large quantities of acidic phosphatase and peroxidase. 
Eosinophil peroxidase is more suitable for the elimination of parasites than neutrophil 
peroxidase. The main biological activity of eosinophils is, consequently, the 
destruction of invading parasites.  
Basophils normally remain in the bloodstream and are rarely found in fish. 
Mast cells (MCs) are cells with structural and functional properties 
resembling those of mammalian MCs and have been described in the digestive tract, 
gills and other tissues of most teleosts. These cells present a characteristic basic 
staining of the cytoplasmic granules with alcoholic thionin and toluidine blue, or 
Alcian blue. After water fixation, the granules present eosinophilic characteristics and 
for this reason, these cells have also been denominated as “eosinophilic granule 
cells” (EGCs) in some studies (Sfacteria et al., 2015). The granules of MCs contain 
histamine, serotonin, phospholipids and acidic mucopolysaccharides, acid and 
alkaline phosphatase, arylsulphatase, and 5N-nucleotidase (Reite and Evensen, 
2006). Several studies in teleost suggest that, as in mammals, MCs precursors leave 
the hematopoietic system and enter the tissues via the blood circulation in order to 
undergo the maturation process. The acute responses of MCs observed in fish after 
intraperitoneal or intestinal administration of bacteria or after natural infection consist 
of a typical degranulation, followed by an inflammatory reaction and vasodilatation. 
The recruitment of MCs in different fish species after dermal lesions or parasitic 
infections indicates that this recruitment is a general response in persistent 
inflammatory reactions in teleost (Reite and Evensen, 2006).  
In teleost, the rodlet cells are secretory cells located in the endothelium of 
the cardiovascular system, the intestinal epithelia, and other epithelia of many fish 
species that release their products at epithelial, mesothelial or endothelial surfaces 
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(Sfacteria et al., 2015). These cells have a characteristic structure with cytoplasmic 
inclusions that possess a crystalline inner core. The recruitment and accumulation of 
rodlet cells in tissues has been correlated with the presence of different parasites, 
including cestodes, trematodes, encysted larvae of helminths, myxosporodian or 
copepods, usually parallel to the accumulation of mast cells (Reite, 2005; Reite and 
Evensen, 2006). Rodlet cells also seem to respond to the presence of parasites on 
epithelial surfaces by degranulation, secreting substances that dampen the infections 
and contribute to the elimination of parasites. 
 Macrophages, and their precursors (monocytes) are the main phagocytic 
cells of the immune system. Macrophages can in contrast to neutrophils repeatedly 
phagocytose and process the antigen (Tizard, 2008). They present the antigen, 
process and afterwards are producing soluble mediators that enhance the immune 
response. Macrophages control the inflammatory response and they make a direct 
contribution to the recovery of tissue damage by clearing dead, dying and damaged 
tissue (Lieschke and Trede, 2009). Macrophages also help in the healing process. 
Thus, as in mammals, these cells actually belong to both the innate and adaptive 
immune system of fish. Macrophages are derived from stem cells in the head kidney. 
They first appear as pro-monocytes and later on as monocytes. Monocytes leave the 
head kidney, circulate in the blood and become tissue resident macrophages. Their 
production is triggered by colony stimulating factors (Hodgkinson et al., 2015), which 
are produced during an inflammatory reaction.  
Macrophages can take on quite different forms depending on the tissue in 
which they reside. In suspension, however they appear as round cells with 
approximately 15 μm in diameter. They have a large amount of cytoplasm, with an 
off-center, round, bean-shaped or indented nucleus. The perinuclear cytoplasm 
contains numerous mitochondria, lysosomes, large amounts of rough endoplasmic 
reticulum and many locations with a Golgi apparatus. Macrophages, therefore, are 
particularly well equipped for the production and secretion of proteins. 
Thrombocytes (the morpho-functional equivalents to mammalian blood 
platelets) are cells that play a key role in blood clotting. Circulating thrombocytes of 
fish have a variable form. They appear as round, oval, ellipsoidal (spindled), or 
spiked cells with occasional scarce thin and long cell structures (Meseguer et al., 
2002). Fish thrombocytes, beyond their primary participation in haemostasis, play an 
active role in inflammation like in other non-mammalian vertebrates (Tavares-Dias 




 Recently, phagocytic B cells have been discovered in teleosts and 
mammals. These cells are believed to be an intermediate cell type between innate 
and adaptive immunity (Zhu et al., 2016). In teleosts, these phagocytic B cells are 
mIgM+ B lymphocytes and they are present in blood, spleen and head kidney (J. Li et 
al., 2006; Zhang et al., 2010). In mammals, they are named innate-like B1 cells and 
they are mainly found in the peritoneal cavity (Nakashima et al., 2012; Parra et al., 
2012). In teleosts, mIgM+ B cells have been found to exhibit potent phagocytic and 
microbicidal abilities in rainbow trout and other fish species (Li et al., 2006). Antigen 
presentation was also found as a functional characteristic of these teleost B cells (J. 
Li et al., 2006; Zhu et al., 2014). 
 Teleost erythrocytes are believed to be able to mount an innate immune 
response. Mature erythrocyte populations of rainbow trout were shown to surround 
macrophages phagocytosing Candida albicans and to secrete cytokine-like 
macrophage inhibitory factors (Passantino et al., 2004). Atlantic salmon erythrocytes 
were capable of inducing a significant upregulation of type 1 interferon (IFN) genes 
following infection with the infectious salmon anemia virus (ISAV) (Workenhe et al., 
2008). Additionally, rock bream (Oplegnathus fasciatus) erythrocytes were shown to 
have functional interactions with leukocytes after stimulation with LPS and were 
capable of inducing genes related to immune defense (Jeong et al., 2016). 
 
2.4.1.2 Cellular innate immune sensing in fish 
As in mammals, Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-
like receptors (NLRs) and C-type lectin receptors (CLRs) have been described in 
fish. In this literature review, we will focus on the TLRs. 
One of the striking features of innate immunity is the capability to responds to 
common structures shared by a vast majority of pathogens through surface protein 
receptors known as Toll-like receptors (TLRs). These homologous trans-membrane 
proteins belong to the family of pattern recognition receptors (PRRs). TLRs can 
recognize microbe-associated molecular patterns (MAMPs), pathogen-
associated molecular patterns (PAMPs) and danger-associated molecular 
patterns (DAMPs). These patterns comprise specific and conserved structures. 
TLRs can be found on the surface of macrophages, mast cells, dendritic cells and 
mucosal epithelial cells (Wu et al., 2010). When microorganisms (foreign antigens) 
come into contact with TLRs, it creates a cellular signal transduction that leads to the 
transcription of genes for cytokines, chemokines, growth factors, and also to the 
transcription of genes for anti-microbial peptides (Figure 2–8). In fish, the TLRs 
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family members belong to the type I transmembrane proteins and they share a 
similar structure as in mammals. TLRs consist of: 1) an extracellular N-terminal 
domain with leucine-rich repeats (LRRs), 2) a transmembrane domain and 3) a 
cytoplasmic C-terminal domain with a conserved Toll/IL-1 receptor (TIR) domain that 
initiates the signal transduction (Sepulcre et al., 2009). However, there are some 
structural and functional differences compared to mammalians’ TLRs (Rebl et al., 
2010; Sepulcre et al., 2009). For example, the mammalian TLR4 is a central protein 
receptors’ complex responding to LPS. However, TLR4 is absent in more 
evolutionary advanced fish (i.e. Tetraodon) and so far, only two TLR4 orthologous 
were observed in zebrafish (Cypriniformes) (Sepulcre et al., 2009). TLR4 accessory 
molecules, which include LBP, CD14, and MD2, have not been isolated from fish and 
it is thought that TLR4 of fish does not recognize bacterial LPS, like in mammals 
(Sepulcre et al., 2009). Another striking difference is found for TLR5, which is 
responsible for the recognition of bacterial flagellin. In fish (and amphibians), two 
types of TLR5 exists: the membrane type (TLR5M) and the soluble form (TLR5S). 
TLR5M is orthologous to mammalian TLR5 and contains the typical structure of 
TLRs (LRR domain, transmembrane region, and TIR domain). The second form, the 
“soluble form” (TLR5S), is unique in fish and lacks the transmembrane region and 
TIR domain (Takano et al., 2011). In mammals, TLR5S has not been found (Moon et 
al., 2011). 
After a TLR recognises and binds to the MAMPs/PAMPs/DAMPs, the TIR 
domain-signaling complex is formed between the receptor domain and adaptor 
molecules mainly adaptor myeloid differentiation marker 88 (MyD88) (Rebl et al., 
2010). TLRs signaling consist of two pathways: a MyD88-dependent pathway that 
is common to all TLRs, and a MyD88-independent (TRIF-dependent) pathway that 





Figure 2–8 Schematic presentation of TLR signalling pathways in fish leading to the 
production of pro-inflammatory cytokines. TLRs recognize their ligands through the 
interactions with the leucine rich repeats (LRRs). This interaction then triggers the activation 
of intracellular signalling through a cytoplasmic MyD88-dependent pathway or a MyD88-
independent pathway. At the bottom of the cascade, both pathways, through activation of NF-
κB, IRF-3 or IRF-7 will induce the production of pro-inflammatory cytokines (Rebl et al., 
2009). 
 In the MyD88-dependent pathway, MyD88 uses its death domain to interact 
with IL-1 receptor-associated protein kinase 4 (IRAK4), which is a serine/threonine 
kinase. Then, the MyD88-IRAK4 complex activates another IRAK family member, 
namely IRAK2 or the related IRAK1. To date, IRAK2 has not been identified in fish 
(Rauta et al., 2014). Subsequently, in fish IRAK1 dissociates from MyD88 and 
interacts with an E3 ubiquitin ligase, TNFR-associated factor 6 (TRAF6) (Rebl et al., 
2010). TRAF6 does exist in fish. TRAF6 catalyzes the formation of a lysine 63 (K63)-
linked poly-ubiquitin chain on TRAF6 itself that results in the auto-ubiquitination of 
TRAF6 with the help of an E2 ubiquitin-conjugating enzyme complex consisting of 
Ubc13 and Uev1A (ubiquitin-conjugating enzyme E2 variant 1) (Weber et al., 2012). 
Following ubiquitination, TRAF6 interacts with a complex composed of TGF-β-
activated kinase 1 (TAK1) and the TAK1 binding proteins, TAB1 and TAB2. In this 
complex, TAB1 activates TAK1, and TAB2 functions as an adaptor that links TAK1 to 
TRAF6, thereby facilitating TAK1 activation. Through phosphorylated IKKβ, the 
activated TAK1 activates the IκB kinase (IKK) complex, which comprises IKKα, IKKβ, 
and the IKKγ/NF-κB essential modulator (NEMO) (Vandenabeele and Bertrand, 
2012). Then, IKKβ phosphorylates the IκB proteins (p50 and p65), which are bound 
to NF-κB subunits, and prevents their nuclear translocation, leading to the 
destruction of IκB and the subsequent translocation of NF-κB into the nucleus. NF-κB 
subunits consisting of p50 and p65 participate in the transcription of genes for pro-
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inflammatory cytokines, such as TNF-α, IL-8, IL-6, and IL-12 (Vandenabeele and 
Bertrand, 2012). In addition to NF-κB, the transcription factor complex AP-1 is also 
activated in the MyD88-dependent pathway through phosphorylated MAPKs. 
Interestingly, TLR7, TLR8, and TLR9 signaling results in the activation of NF-κB and 
IRF7 that will finally induce the production of type I IFNs in a MyD88-dependent 
manner. 
In MyD88-independent pathway, TRIF (also called TICAM1) is used by 
TLR3 and TLR4. Signaling leads to the activation of the transcription of interferon 
(IFN) regulatory factor 3 (IRF3) and NF-κB as well as the consequent induction of 
genes encoding for type I interferon and inflammatory cytokines (Samanta et al., 
2012; Takano et al., 2011). During PAMP recognition in endosome, TLR3 interacts 
with TRIF/TICAM1. In mammals, this adaptor (TICAM) binds directly to RIP1 that in 
turn binds to TRAF6. However, in fish this is not the case. TRIF/TICAM1 from 
zebrafish on one hand, recruits receptor interacting protein 1 (RIP1) and TRAF-
family-member-associated NF-κB activator (TANK) binding kinase 1 (TBK1) (Rebl et 
al., 2009). On the other hand, zebrafish TRIF/TICAM fails to bind TRAF6 (Sullivan et 
al., 2007). Zebrafish TICAM1 induces production of zebrafish IFN in a IRF3-
independent manner and activates NF-κB via interaction with RIP, but not with 
TRAF6 (Sullivan et al., 2007; Yang et al., 2011). Zebrafish TICAM1 is novel and 
exhibits unique structural and functional features, which are not observed in 
mammalian TICAM1. Activated IRF3 is dimerized and translocated into the nucleus, 
which induces the protein expression of type I IFNs (Wu et al., 2010). This is an 
alternative pathway leading to activation of pro-inflammatory response as the end 
result.  
To date, 19 TLRs have been identified by genome and transcriptome analysis 
in teleost fish, and they are TLR1 to TLR5, TLR7 to TLR9, TLR14, TLR16, TLR18/23, 
TLR25 and TLR26. Teleost fish appeared not to have the following TLRs: TLR6, 
TLR10, TLR11 to 13, TLR15, TLR17, and TLR24. TLR24 was only found in lamprey 
(jawless fish).  
Remarkably distinct features of the TLR cascades among fish species have 
been reported (Rebl et al., 2010; Vadstein et al., 2013). In fish, several studies have 
observed the functional activity of TLRs in the embryonic or early post-embryonic 
stage with the expression of TLR5M and TLR5S (in rainbow trout; O. mykiss), TLR2 
(in Indian major carp; Labeo rohita) and TLR3 (in zebrafish; D. rario) at 1, 7 and 22 h 
post-fertilization (hpf), respectively (Li et al., 2011; Phelan et al., 2005; Samanta et 




2.4.1.3 Cellular innate immune effectors in fish 
 Antimicrobial peptides (AMPs) are being produced constitutively and are also 
following TLR signaling. AMPs are short (typically 12–100 residues) positively 
charged (net charged from +2 to +9) molecules (Jenssen et al., 2006). AMPs play a 
key role in the first line immune defense in a wide range of organisms, including 
plants, protozoa, arthropods, insects, fish and mammals. Depending on their 
secondary structure, AMPs fall within four main classes: alpha-helical peptides, beta-
sheet peptides, extended peptides, and loop (mixed) peptides.  
 The best characterized fish AMPs are classified as linear peptides (alpha-
helical) and disulfide-stabilized peptides (beta-sheet). The main linear fish AMPs are 
piscidins, pleurocidins, cathelicidins and histone-derived peptides (Masso-Silva and 
Diamond, 2014). Piscidins are the most extensively studied AMPs and can be found 
in the order: (i) Perciformes: striped bass (Morone saxatilis), white bass (Morone 
chrysops), hybrid striped bass the M. saxatilis male x M. chrysops female, European 
sea bass (D. labrax), Serranidae: snowy grouper (Epinephelus niveatus), 
Sciaenidae: spot (Leiostomus xanthurus) and Atlantic croaker (Micropogonias 
undulates), Siganidae: rabbitfish (Siganus rivulatus), Belontidae: pearl gourami 
(Trichogaster leeri) and Cichlidae: nile tilapia (Oreochromis niloticus) (Silphaduang et 
al., 2006). In sea bass, piscidin was identified in the mast cells and professional 
phagocytic granulocytes. Recently, three different classes of piscidins have been 
proposed: class I (22 amino acids), class II (44-46 amino acids) and class III (55 
amino acids) (Salger et al., 2016). The sea bass species-specific piscidin known as 
dicentracin was also identified (Salerno et al., 2007). While the main disulfide-
stabilized fish AMPs are defensins, hepcidins [also known as liver-expressed AMPs 
(LEAP-1)], LEAP-2 and NK-lysins. Current information regarding fish AMPs was 
reviewed (Katzenback, 2015; Masso-Silva and Diamond, 2014). 
AMPs microbicidal activity often relies on the electrostatic interaction between 
the positively charged peptide and the negatively charged microbial surface (Jenssen 
et al., 2006), which leads to AMPs accumulation and subsequent infiltration in the 
membrane. AMPs may form permanent or transient pores in the lipid bilayer, as well 
as induce micelle release in a detergent-like manner, and/or cross the membrane 
without significant damage (Rajanbabu and Chen, 2011). The AMPs that do not 
directly target the cell membrane accumulate in the intracellular compartment, 
interfering with several essential processes and leading to: (i) impairment of DNA, 
RNA, protein or cell wall synthesis; (ii) interaction with intracellular enzymatic targets; 
(iii) release of oxygen species with consequent triggering of apoptosis and (iv) 
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activation of signaling cascades following receptor-mediated uptake (Jenssen et al., 
2006). 
 
2.4.1.4 Humoral innate immune sensing in fish 
The complement system is a central component of the humoral-based 
innate immune system, and it is mainly involved in the eradication and opsonisation 
of pathogens, clearance of cellular debris, communication and activation of adaptive 
immunity. It is actually part of both the humoral sensing and humoral effector arm of 
the innate immune system. 
The complement system is equipped with more than 20 proteins that circulate 
in blood and tissue fluids. The identification of fish complement components was 
accomplished by homology cloning techniques, and later on by genome and 
transcriptome analyses. It is now evident that almost all of the mammalian 
complement components have homologues in teleost fish species. Thus, at least the 
teleost complement system is comparable to the mammalian system from both a 
structural and functional point of view. However, several components, such as C3, 
C4, C5, C7, MBL, factor B/C2 and factor I, have multiple paralogues, as a result of 
genome or gene duplication events (Austin, 2012).  
The complement system of fish, like that of higher vertebrates, can be 
activated through three pathways; 1) the classical pathway, 2) the alternative 
pathway and 3) the mannose-binding lectin pathway (Whyte, 2007). The complement 
component 3 (C3) protein serves as a central component that connects all these 
three pathways with many other complement proteins. The proteolytic activation of 
C3 results in an enhanced phagocytosis through opsonization, recruitment of 
immune cells and promotion of an inflammatory responses, stimulation of B cell 
proliferation and activation of the cytolytic membrane attack complex (Whyte, 2007). 
 
2.4.1.5 Humoral innate immune effectors in fish 
After antigen stimulation of lymphocytes and macrophages, a number of 
proteins are secreted, known as cytokines. Cytokines are a low molecular weight 
(20-25 kDa) of glycoproteins. They control the cell to cell communication between 
cells responsible for an immune responses (Savan and Sakai, 2005). These secreted 
protein are important for growth, differentiation and activation of immune cells and 
are one of the key regulators of the immune system (Reyes-Cerpa et al., 2012). 
Cytokines are antigen non-specific and are not capable of binding antigen. They are 
produced by macrophages, granulocytes, dendritic, mast and epithelial cells, and can 
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be divided into interleukins (ILs), interferons (IFNs), tumor necrosis factors (TNFs), 




IL-1, IL-2, IL-4/13, IL-6, IL-7, IL-10, IL-11, IL-12, IL-13, IL-15, IL-17, IL-18, IL-
21, IL-22 and IL-34 have been recognized in bony fish.  
Interleukins are a subgroup of cytokines with complex immune-modulatory 
functions; including cell proliferation, maturation, migration and adhesion. Like other 
cytokines, interleukins are not stored within cells but are instead secreted rapidly, 
and briefly, in response to a stimulus, such as an infectious agent.  
The interleukin-1 (IL-1) family of mammals has a number of family members 
including the best studied: IL-1α and IL-1β, both are pro-inflammatory cytokines 
(Reyes-Cerpa et al., 2012). Interleukin-1 is an apical pro-inflammatory cytokine, 
meaning its activity initiates and directs a cascade of inflammatory signals in 
response to sensing of microbes-, pathogens- or damaged-associated molecular 
patterns (MAMPs/PAMPs/DAMPs). Fish have multiple IL-1 loci, but lack of IL-1 
family expansion as in mammals (Ogryzko et al., 2014). The type 1 Interleukin-1 
family members of fish share their exon structure with the mammalian and amphibian 
IL-1 family.  It is the only Interleukin-1 family members in cypriniformes such as 
zebrafish and goldfish. In contrast, type 2 Interleukin-1 family members contain fewer 
exons coding for N-terminal domains and these are the only interleukins discovered 
so far in some perciformes such as seabream and seabass (Ogryzko et al., 2014). In 
fish, there is evidence showing that IL-1β is made as a precursor that is subsequently 
cleaved, as seen in mammals (Secombes et al., 2011). Reis et al. (2012) showed 
that sea bass caspase 1 is evolutionarily maintained and therefore might play a 
regulatory role in the inflammatory response. Additionally, they showed that sea bass 
IL-1β can be cleaved by caspase 1 at a phylogenetically conserved aspartic acid 
present in all known IL-1β sequences. However, as far as we know, these 
experiments could not be reproduced. Reis et al. (2012) also suggested that IL-1β 
processing may be class and/or even fish species specific.  
Interleukin-2 (IL-2) family of mammalians is comprised of IL-2, IL-4, IL-7, IL-9, 
IL-15 and IL-21 genes (Reyes-Cerpa et al., 2012). IL-2, IL-4, IL-9 and IL-21 are all 
cytokines released primarily by Th cells that have been activated by mitogens. 
Mammalian IL-2 induces the proliferation of T and B cells, stimulates the synthesis of 
immunoglobulin by B cells, stimulates the cytotoxicity of T cells and NK cells and 
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stimulates production of IFN-γ and IL-5 by T cells. To date, molecules with homology 
to all of these IL-2 family have been found in fish, except IL-9 (Secombes et al., 
2011). 
Interleukin-10 (IL-10) is an anti-inflammatory cytokine produced by many cells 
of innate and adaptive immunity. IL-10 can inhibit production of cytokines such as IL-
2 and interferon-γ (IFN-γ) by directly affecting the capability of antigen-presenting 
cells (APC), including monocytes, macrophages and DC cells to express the co-
stimulatory surface molecules such as major histocompatibility complex (MHC) class 
II (Pinto et al., 2007). It also blocks the production of cytokines that are necessary for 
optimal T cell activation (Donnelly et al., 1999). IL-10 plays an important role in 
preventing over-expression of certain cytokines such as TNF-α, IL-1 and IL-6. The 
capability of IL-10 to inhibit induction of other cytokines is regulated through SOCS-3 
(suppressor of cytokine signaling 3). SOCS-3 is family of Jak/STAT inhibitory gene 
and it has been identified in fish such as pufferfish, zebrafish, fugu, stickle back and 
killifish (Jin et al., 2008). Sea bass IL-10 was expressed in head kidney, intestine and 




Like mammals, fish also possess multiple copies of the interferons (IFNs) 
gene, which are linked in the genome. IFNs play a crucial role in responses against 
virus. In mammals, Type I IFNs includes the classical IFN-α (alpha), IFN-β (beta), 
IFN-κ (kappa), IFN-δ (delta), IFN-ε (epsilon), IFN-τ (tau), IFN-ω (omega) and IFN-ζ 
(zeta, also known as limitin) have strong anti-viral properties and they enhance MHC-
I expression on cells (Pestka et al., 2004). The most notable ones, IFN-α and IFN-β 
are mainly produced by leukocytes and fibroblast, respectively. Type II interferon, 
also known as IFN-γ is encoded by a single copy gene, which contains four exons 
and three introns (Robertsen et al., 2003). It is a typical Th1 cytokine produced 
primarily by CD4+ Th1 cells and NK cells. IFN-γ plays a role in promoting Th1 
responses and activating macrophages. 
In fish, the type I IFN family also contains many members. The family is 
subdivided into group I and II type I IFNs. Each group contains multiple members, 
for instance IFN-a (two genes), IFN-b (four genes) and IFN-c (five genes) in Atlantic 
salmon (Sun et al., 2009). One of the characteristic features of fish type I IFN genes 
is the unique genomic organization, consisting of five exons and four introns. This is 
in contrast with the single exon type I IFN genes in reptiles, birds and mammals 
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(Pestka et al., 2004). In fish, functional studies have mainly focused on the type I 
IFNs which has shown to induce interferon-stimulated genes (ISGs) such as Mx 
(myxovirus) protein, viperin (virus inhibitory protein endoplasmic reticulum associated 
interferon-inducible), ISG15 (IFN-induced protein encoded by the ISG15 gene) and 
IFIT (IFN-induced protein with tetricopeptide repeats) (Chang et al., 2014). 
Two type II IFNs have been identified in fish; IFN-γ, equivalent to the 
mammalian IFN-γ and IFN-γrel (the IFN-γ related molecule; little sequence homology 
with IFN-γ of higher vertebrate) (Hodgkinson et al., 2015). IFN-γ molecules have 
been identified in several fish species. IFN-γ induces MHC-I and MHC-II expression 
on fish macrophages, suggesting it plays a role in antigen presentation. In addition, 
key components forming the proteasome that degrades pathogenic proteins for 
antigen presentation via MHC-I pathway of rainbow trout, including tapasin, low 
molecular peptides (LMP-2 and LMP-7) and MECL-1 are significantly elevated in 
cells exposed to IFN-γ (Martin et al., 2007). IFN-γ upregulates IRF1, 2, 8 and 9 in fish 
monocytes. Fish IFN-γ strongly enhances the phagocytic and nitric oxide (through an 
increased level of the two inducible NOS genes in fish) responses of phagocytes, as 
well as the respiratory burst activity. Fish IFN-γ stimulated the production of some 
anti-viral proteins like viperin and enhances host surveillance against viruses and 
some bacteria by upregulation of PRRs such as TLR9. However, the anti-viral 
potency of fish IFN-γ is much weaker compared to type I IFNs and a high dose of fish 
IFN-γ is required to confer virus resistance. Fish IFN-γ also modulated cytokine and 
chemokine expression. It is a potent inducer of IL-1b, IL-6, IL-12 and TNF. Fish IFN-γ 
induces the expression of CXCL9 that primarily acts on T cells and the CC 
chemokine ligand 1 (CCL1) (Grayfer and Belosevic, 2012), but interestingly has no 
effect on CXCL8. 
The IFN-γrel molecule appears to be a teleost specific IFN. It is a gene that 
is believed to have duplicated from the IFN-γ gene. It lacks a C-terminal nuclear 
translocation signal (NLS) motif, which is normally conserved in the vertebrate IFN-γ 
molecules. The NLS motif is normally needed for the biological activity of IFN-γ. IFN-
γrel appears to be a much more potent inducer of macrophage phagocytic and nitric 
oxide (NO) production than IFN-γ (Hodgkinson et al., 2015). The function of IFN-γ 
stills needs to be examined thoroughly. In terms of expression, IFN-γrel is 
predominantly produced by IgM+ cells, suggesting that IFN-γrel may primarily 
regulate humoral immunity. IFN-γrel does not have any stimularoty effect on oxygen 
and nitrogen radical production by phagocytes in head kidney phagocytes, a 
classical action of mammalian IFN-γ. IFN-γrel downregulates ROI production induced 





Tumor necrosis factor (TNFα) is a critical pro-inflammatory cytokine and has 
been identified in several teleosts including European sea bass (Nascimento et al., 
2007). TNFα is expressed in diverse fish species with rapid transcriptional kinetics 
involving NF-κβ, which is also a typical pro-inflammatory cytokine. The expression of 
TNFα is localized mainly to myeloid cells isolated from the head kidney. A number of 
studies in fish have provided indirect evidence for the biological role of TNFα in fish, 
suggesting that TNFα is an important macrophage activating factor (MAF) produced 
by leukocytes which stimulates macrophage function. In a functional study, 
recombinant trout TNFα protein shows to enhance leucocyte migration and 
phagocytic activity of trout macrophages, as well as increasing the expression of pro-
inflammatory cytokines (Zou et al., 2003). Overall, fish TNFα appears to have a 
similar biological activity as compared to mammals and birds (Goetz et al., 2004). 
 
2.4.1.5.4 Chemokines 
 Chemokines are a superfamily of different small-secreted cytokines that 
function in directing the migration of immune cells via chemotaxis to the infection 
sites. In humans, there are a number of chemokine receptors that have been 
discovered. Based on the ligands they bind, these chemokine receptors are grouped 
into CXCR, CCR, XCR CXCR and ACKR subfamilies (Table 2–5) (Bird and Tafalla, 
2015). Both CXC and the CC families constitute the two largest chemokine families 
in humans and this is also observed in fish (Alejo and Tafalla, 2011). It is well known 




Table 2–5 Summary of human chemokine receptors and their ligands. The chemokine 
ligands can function as an agonist but also as a natural antagonist of other ligand-receptor 
pairs. Receptors with clear orthologues within teleosts that have not yet been determined are 
highlighted in green. Receptors that appear to have no orthologue in teleosts are highlighted 
in red (Bird and Tafalla, 2015). 
Receptor  Ligand (Agonist) Ligand (Antagonist) 
CXCR1 CXCL6, CXCL7, CXCL8  
CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, 
CXCL6, CXCL7, CXCL8 
 
CXCR3 CXCL4, CXCL4L1, CXCL9, 
CXCL10, CXCL11, CXCL13 
CCL11 
CXCR4 CXCL12, CXCL14  
CXCR5 CXCL13  
CXCR6 CXCL16  
CXCR8 (GPR35) CXCL17  
CCR1 CCL3, CCL3L1, CCL5, CCL7, 
CCL8, CCL13, CCL14, CCL15, 
CCL16, CCL23 
CCL26 
CCR2 CCL2, CCL7, CCL8, CCL13, 
CCL16 
CCL11, CCL26 
CCR3 CCL3L1, CCL5, CCL7, CCL8, 
CCL11, CCL13, CCL14, CCL15, 
CCL24, CCL26, CCL28 
CXCL9, CXCL10, CXCL11, CCL18 
CCR4 CCL17, CCL22  
CCR5 CCL3, CCL3L1, CCL4, CCL5, 
CCL8, CCL11, CCL13, CCL14, 
CCL16 
CCL7, CCL26, CXCL11 
CCR6 CCL20, CCL21  
CCR7 CCL19, CCL21  
CCR8 CCL1, CCL16, CCL18  
CCR9 CCL25  
CCR10 CCL27, CCL28  
ACKR1 (DARC) CCL1, CCL2, CCL5, CCL7, 
CCL8, CCL11, CCL13, CCL14, 
CCL16, CCL17, CCL18, CCL22, 
CXCL1, CXCL2, CXCL3, CXCL4, 
CXCL5, CXCL6, CXCL7, CXCL8, 
CXCL9, CXCL10, CXCL11, 
CXCL13 
 
ACKR2 (CCBP2) CCL2, CCL3, CCL3L1, CCL4, 
CCL4L1, CCL5, CCL6, CCL7, 
CCL8, CCL11, CCL12, CCL13, 
CCL14, CCL17, CCL22, CCL23, 
CCL24, CCL26 
 
ACKR3 (CXCR7) CXCL11, CXCL12  
ACKR4 (CCR11) CCL19, CCL21, CCL25, CXCL13  
ACKR5 (CCRL2) CCL19  
ACKR6 (PITPNM3) CCL18  
XCR1 XCL1, XCL2  




The differences of CXC chemokines in fish were observed with some CXC 
chemokines were lacking of the specific ELR feature (ELR; Glu-Leu-Arg) such as 
CXC from black sea bream (Zhonghua et al., 2008). This ELR motif is responsible for 
receptor binding and activation of neutrophils, whereas CXC chemokines that lack 
this motif do not attract neutrophils and act on monocytes and lymphocytes (Laing 
and Secombes, 2004). This ELR motif in fish is usually replaced by a defective DLR 
motif (Asp-Leu-Arg) but still retained the capacity to attract neutrophils (Cuesta et al., 
2010). 
The CXCL8, also known as interleukin-8 is an important chemokine related to 
the pro-inflammatory process. This CXC chemokine was the first chemokine isolated 
from fish (van der Aa et al., 2010). CXCL8 is capable of attracting neutrophils, T 
lymphocytes and basophils in vitro. It also can activate cells by inducing a respiratory 
burst, exocytosis and degranulation of storage proteins, and production of lipid 
mediators (Reyes-Cerpa et al., 2012; van der Aa et al., 2010).  
The CC chemokines exert their chemo-attractant action on multiple 
leukocyte subtypes, including monocytes, basophils, eosinophils, T cells, dendritic 
cells and natural killer cells, but not on neutrophils (Mantovani, 1999). Seven large 
groups of CC chemokines were identified based on phylogenetic analysis of the CC 
chemokines sets from four teleost species (zebrafish, catfish, rainbow trout and 
Atlantic salmon) (Peatman and Liu, 2007). These groups are: (1) CCL19/21/25 
group, (2) the CCL20 group, (3) CCL27/28 groups, (4) the fish-specific group, (5) the 
CCL17/22, (6) the macrophage inflammatory protein (MIP) group and (7) the 
monocyte chemotactic protein (MCP) group. These ‘fish CC chemokines’ may 
represent a subset of ancestral chemokines that carry important functional roles 
common to all teleost fish. In mammals, chemokines are chemo-attractants for 
mononuclear cells, namely monocytes/macrophages and lymphocytes. 
Recent study has shown the existence of other chemokine subfamilies in fish 
known as ACKR and XCR (Nomiyama et al., 2011; Qi et al., 2015). In addition, the 
expansion of XCR1 has created more than just one XCR1L gene in teleosts, having 
more than three copies in fish, like in tilapia (Bird and Tafalla, 2015). 
 
2.4.2 The inflammatory reaction 
 In general, an inflammatory response is the response of a tissue on the 
presence of microorganisms or tissue damage. During the inflammatory response, 
phagocytic cells, antibodies and complement factors gain access to the infected or 
damaged tissues. Phagocytic cells normally occur in the blood. They must be able to 
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migrate in the tissue to be able to destroy the invaders. Antibodies and complement 
factors are also found mainly in the blood. Normally, these large molecules cannot 
leave the blood stream. However, at inflammatory sites they may migrate into the 
tissues.  
 When a pathogen such as Vibrio invades the host, fish are capable of 
responding in a highly complex manner, orchestrating many of the innate immune 
defense mechanisms, both humoral and cellular, in the inflammatory response. The 
physiological aspects of inflammation are similar in fish and mammals. The principal 
features of acute inflammation are vasodilatation (induced by vasoactive amines and 
prostaglandins, see further on), increased vascular permeability and chemotactic 
influx of leukocytes from the blood into the inflammation site. The mechanisms of 
inflammation in fish are, in broad terms, similar to those eliciting inflammation in 
mammals. However, in the case of teleost fish, it has been widely believed that 
histamine is not present which is apparently not true as it has been recently 
demonstrated that granules of mast cells in perciforms contain biologically active 
histamine. More importantly, the inflammatory response was clearly demonstrated to 
be regulated by the direct action of histamine on professional phagocytes (reviewed 
by Galindo-villegas et al., (2016)) 
 The cellular response is biphasic with an increase in neutrophils (reviewed by 
Havixbeck and Barreda, (2015)), resulting their migration from blood vessels 
preceding the appearance of monocytes and macrophages (reviewed by Hodgkinson 
et al., (2015)) at the inflammatory site. The accumulation of neutrophils occurs within 
minutes of giving an inflammatory stimulus and reaches a peak within 1-2 days.  
 In fish, the inflammation is thus induced and controlled by a number of 
mediators including hydrogen peroxide, vasoactive amines (serotonin), complement 
factors (C3a, C5a), eicosanoids (Zarini et al., 2014), (prostaglandins; PG, 
thromboxanes; TX, leukotrienes; LT and lipoxins; LX), pro-inflammatory cytokines 
(especially IL-1β, IL-6 and TNFα), anti-inflammatory cytokines (TGF-β, IL-10) and 
chemokines (especially CXCL8) which are released in response to tissue damage or 
products of pathogens. Fast-acting mediators such as hydrogen peroxide and 
vasoactive amines initiate the response. Later, factors such as eicosanoids 
(especially LTs and LXs) and cytokines attract and activate leukocytes. On arrival on 
the inflammatory site, the leukocytes themselves release mediators that regulate the 
response, often as a consequence of stimulation via their PRRs. C3a and C5a may 
induce the release of vasoactive amines from eosinophilic granule cells/mast cells 
and possible thrombocytes. C5a is also strongly chemotactic for neutrophils. 
Inflammatory cytokines provide infection-responsive and developmental signals 
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which alert the blood system and influence blood cell development from 
hematopoietic stem cells to meet the needs of the host (reviewed by Hall et al., 
(2016)). 
 
2.4.3 Adaptive immunity and the link with innate immunity 
 Fish, like other vertebrates, possess adaptive defense mechanism capable of 
generating antibodies, although there is always a reliance on the innate defense for 
the initial recognition, destruction, antigen presentation and priming of the adaptive 
defense mechanism (Ewart and Tsoi, 2004). In this part, we focused on the link 
between innate and adaptive immunity, and briefly introduced the key components of 
the adaptive immunity in fish as the European sea bass larvae model used in this 
thesis mainly had to rely on its innate immune system for defense against microbes-, 
pathogens- or danger-associated molecular patterns (MAMPs/PAMPs/DAMPs)  (age 
between DAH6-14). In sea bass, the appearance of adaptive immunity was marked 
by the detection of T cells between day 5-12 after hatching (DAH) and followed by B 
cells at 52 DAH (Dos Santos et al., 2000). The peak of distribution of these T and B 
positive cells in organs has been observed ranging between 137-145 DAH as 
compared to its distribution in the adult thymus (for T cells) and head kidney (for B 
cells). Therefore, it has been suggested that European sea bass might be 
immunologically mature from at least between 137-145 DAH (Dos Santos et al., 
2000). 
 As mammals, fish adapt to their respective microbial environments by 
adjusting the balance between innate and adaptive immunity. The first line of host 
defense, the innate immune system relies on a large family of pattern recognition 
receptors (PRRs) to recognize microbes- and pathogen-associated molecular 
patterns (MAMPs/PAMPs) derived from various microbial pathogens (reviewed by Li 
et al. (2017)), including viruses, bacteria, fungi, parasites and protozoa, and danger-
associated molecular patterns (DAMPs) that are present in aberrant locations or 
abnormal molecular complexes as the consequence of infection, inflammation or 
cellular stress. On MAMPs/PAMPs/DAMPs recognition, PRRs activate signaling 
cascades leading to the NF-κB and interferon (IFN) response factor (IRF) 
transcription factors, thus leading to the induction of pro-inflammatory cytokines, 
chemotactic cytokines and antimicrobial responses. Cytokines associated with 
adaptive immunity are present in fish, including IL-2, IFN-γ, IL-4/13 (with homology to 
IL-4 and IL-13), IL-10, IL-17A/F (with homology to IL-17A and IL-17F), IL-21, IL-22 
and TGF-β1 (amongst others) (reviewed by Zou and Secombes (2016)).  
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 The components vital for a fully functional adaptive immune system, the 
thymus, T cells, B cells, highly polymorphic major histocompatibility (MHC) antigens, 
and enzymes, such as terminal deoxy transferase (TdT), are present in all jawed 
fishes examined to date, and their functionality has been demonstrated in the teleost 
species (reviewed by Trede et al. (2004)). Fish also possess antigen presenting cells 
and it has been demonstrated in zebrafish that macrophages, DCs and B cells 
function as true antigen presenting cells (reviewed by Lewis et al. (2014)). Although 
antigen presenting cells participate in innate immunity, the most significant impact of 
antigen presenting cell activity is the initiation of adaptive immune responses and 
subsequent acquisition of immunological memory. Upon activation, APCs express 
co-stimulatory molecules necessary for naïve T cell priming and secrete cytokines 
that direct effector T cell differentiation. Cytotoxic CD8+ T effector cells can, 
therefore, kill virus-infected cells (those that express viral peptide: MHC class I 
complexes) in the absence of a co-stimulatory signal. Effector CD4+ T cells can 
activate B cells to induce antibody production and macrophages to enhance their 
anti-microbial and antigen presenting functions (Th1). 
 
2.5 The use of immunostimulants in aquaculture 
The use of immunostimulants in aquaculture offers an opportunity for 
inducing and enhancing protection of fish against diseases (Table 2–6). Sakai 
(1999), has classified immunostimulants into several groups depending on their 
source, for example: bacteria-derived, algae-derived, animal-derived, nutritional 
factors and hormones or cytokines. Bricknell and Dalmo (2005), further elaborated 
that this classification does not depend on their mode of action. By definition, an 
immunostimulant is a substance (chemical, drug or nutrient) or even indirectly a 
stressor that stimulates an immune response by inducing immune activation or 
enhancing the immune response (Anderson, 1992). The two main categories of 
immunostimulants are, (i) specific immunostimulants, which provide antigenic 
specificity in immune response such as vaccines or any antigen and (ii) non-specific 
immunostimulants, which stimulate components of the immune system without 
antigenic specificity, such as adjuvant and non-specific immunostimulator (Labh and 
Shakya, 2014). Although vaccination is the best-known method to achieve protection 
against infectious diseases, application of vaccines in fish larvae is not possible, as 
the adaptive immune system of fish larvae is not yet fully developed. Thus, fish 
larvae need to relay on their innate immune system to combat infectious diseases. 
Moreover, maternally transferred immunity (e.g. agglutinins, percipitins, lysins and 
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immunoglobulins) which is passed vertically during vitellogenesis is only available for 
a short period of time after hatching (Mulero et al., 2007). Therefore, administration 
of immunostimulants can be an interesting approach in fish larviculture for preventing 
infectious diseases and for reducing the economic losses in aquaculture due to for 
instance the need for antibiotic treatment, mortality and inferior economic 
performance of the animals.  
 Immunostimulants are commercially available for larvae, juveniles and adult 
fish, and have been demonstrated to be beneficial. A seaweed-based (AQUAVAC® 
Ergosan™; MSD Animal Health, New Jersey, USA) and a yeast β-glucan-based 
(MacroGard®; Biorigin, Antwerp, Belgium and Bio-Mos®; Alltech Inc, USA) 
immunostimulant are being successfully applied in juvenile rainbow trout (O. mykiss), 
juvenile/adult sea bass (D. labrax) and juvenile carp (Cyprinus carpio) (Huttenhuis et 
al., 2006; Peddie et al., 2002; Torrecillas et al., 2007). In fish farms, these 
commercial immunostimulants are often being incorporated in the diet (Barman et al., 
2013). The application of other immunostimulants such as vitamins (i.e. vitamin C 
and E), microorganisms (i.e. probiotic bacteria), prebiotic (as stated above: Bio-
Mos®), hormones (i.e. thyroxine), biologically active materials (i.e. antimicrobial 
peptides, lectins), medicinal herbs [i.e. Astragalus membranaceus and Lonicera 
japonica (honeysuckle) extracts], amino acids (i.e. DL-arginine) and organic 
pigments (i.e. carotenoid and astaxanthin) have been studied in various aquaculture 
species (Galindo-Villegas et al., 2006; Wang et al., 2017). 
An analysis of innate immunity gene expression of peritoneal leukocytes from 
rainbow trout that was injected with one mg of AQUAVAC® Ergosan™ has been 
shown to induce an expression of pro-inflammatory cytokines for example IL-1β, 
TNFα and IL-8 (Peddie et al., 2002). Although data from application of 
immunostimulation in fish larvae are limited (Bricknell and Dalmo, 2005), the effects 
of immunostimulants in fish larvae have been shown with considerable benefit and 
little detrimental effect to the developing animal (Conceição et al., 2001; Pedersen et 
al., 2004; Salvesen et al., 1999). In contrast, there is some school of thought which 
raised the concern on the implication of using immunostimulation in young animals 
that may lead to adversely affect the development of normal immune response as 
well increasing immune tolerance (Bricknell and Dalmo, 2005). Studies in 
aquaculture species such as shrimp (Apines-Amar and Edgar, 2015) and carp 
(Nakamura et al., 1998), previously showed an immune tolerance towards 
immunostimulation. However, the mechanism of immune tolerance was poorly 
understood. Thus, the knowledge of biological effects of stimulants is important since 
stimulation of the defense pathways depend on the receptors on the target cells 
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recognising them as potentially high risk molecules (Ringø et al., 2011). To 
overcome such issue, the use of immunostimulants in fish larvae must be 
approached with caution. For instance, immunostimulation should be given in interval 
(e.g. pulse feeding) or for a short period of time instead of continuously (Bricknell and 
Dalmo, 2005). In addition, continuous development of genomic and proteomic tools 
to study the fish immune system may shed more knowledge in our understanding of 




Table 2–6 The use of immunostimulants and their effect in fish on disease resistance as proven under experimental conditions (Ringø et al., 2011).
Agent Pathogen Species Mechanism of action/results 
Bacteria 
Glucan Aeromonas hydrophila Rohu (Labeo rohita) 
 
é phagocytotic and bactericidal 
activity, Ab titre and agglutinin 
level 
    Indian major carp (Catla catla) 
 
é phagocytic, lysozyme, 
bactericidal and complement 
activity, and resistance 
    Asian catfish (Clarias batrachus) 
 
é Ab titre and protection 
    Blue gourami (Trichogaster trichopterus) 
 
é chemiluminescent response 
of head-kidney phagocytic cell 
isolated from fish peritoneal 
exudate with a dose of 20 mg kg-
1 and resistance 
  A. hydrophila and 
Pseudomonas fluorescens 
Brook trout (Salvelinus fontinalis) 
 
é resistance (up to 7 days). 
However, by day 14 no 
resistance or reduced. 
  Edwardsiella ictaluri Channel catfish (Ictalurus punctatus) 
 
é macrophage and neutrophil 
migration, however è resistance 
  E. tarda Carp (Cyprinus carpio) 
 
é resistance 
    Rohu (L. rohita) 
 
é bactericidal activity and 
increase resistance 
  Pasteurella piscicida and  
Streptococcus sp. 
Yellowtail (Seriola quinqueradiata) 
 
è resistance 
  Photobacterium damselae 
spp. piscicida 
Gilthead sea bream (Sparus aurata) 
 
é resistance (10 g kg-1),  
è resistance (5 g kg-1) and 
phagocytic activity 
  Vibrio harvei Croaker (Pseudosciaena crocea) 
 
é lysozyme and phagocytic 
activity and resistance (fed with 
0.09% β-glucan) 




  Streptococcus iniae Hybrid striped bass 
(Morone chrysops female x M. saxatilis male) 
è resistance 
    Nile tilapia (Oreochromis niloticus) 
 
é resistance when fish were fed 
100 and 200 mg glucan 
Yeast glucan A. hydrophila Tilapia (Tilapia aureus) and  
grass carp (Ctenopharyngodon idellus) 
é protection in both species and 
number of NTB-positive staining 
cells 
  Edwardsiella ictaluri Channel catfish (Ictalurus punctatus) 
 
é resistance and phagocytic 
activity 
  E. tarda Tilapia (T. aureus) and 
grass carp (Ctenopharyngodon idellus) 
é protection in both species and 
number of NTB-positive staining 
cells 
  V. anguillarum Salmon (Salmo salar) é resistance 
  V. damsela Turbot (Scophthalmus maximus) é activities of the immune 
parameters when glucan was 
injected after the bacterin 
  Yersinia ruckeri Salmon (S. salar) é resistance 
Glucan from S. cerevisiae A. hydrophila Carp (Cyprinus carpio) é total blood leukocyte count, 
neutrophil and monocytes  
é survival in a challenge 
experiment with A. hydrophila 
β-glucan in combination with 
LPS 
A. hydrophila Carp (C. carpio) é total blood leukocyte count, 
neutrophil and monocytes and 
resistance against A. hyrophila 
when i.p. and oral administration 
were used 
β-glucan and S. uvarum A. hydrophila Carp (C. carpio) é resistance and serum 
lysozyme activity 
Levamisole A. hydrophila Carp (C. carpio) é resistance and erythrocyte 
count, haemaglobin, total serum 
protein, albumin and globulin of 
fish fed 250 mg kg-1 
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 No infection Atlantic salmon (S. salar) é Increase blood lymphocyte 
phagocytic activity 
 Y. ruckeri  Rainbow trout (Oncorhynchus mykiss) é resistance and survival 
S. cerevisiae A. hydrophila Zebrafish (Danio rerio) é resistance (5 mg), 
myelomonocytic cells in kidney 
and enhanced the ability of 
kidney cells to kill the pathogen 
    Nile tilapia (O. niloticus) 
 
After 12 weeks, increased 
growth, feed utilization and 
protein turn-over (1-5 g kg-1) and 
resistance (5 g kg-1)  
  Y. ruckeri Rainbow trout (O. mykiss) é resistance, growth, lysozyme 
and complement activities 
Macrogard A. hydrophila and 
Pseudomonas fluorescens 
Tench (Tinca tinca) é resistance and phagocytic 
activity (1 and 2 g kg-1) 
  A. salmonicida Rainbow trout (O. mykiss) é Myeloperoxidase activity, 
phagocytic activity, superoxide 
production and Ig level 
Ergosan Aphanomyces invadans Striped snakehead (Channa striata) é inhibitory effect of serum and 
macrophage activating factor 
High-M alginate V. anguillarum Turbot (Scophthalmus maximus) é resistance 
    Atlantic halibut (Hippoglossus hippoglossus) 
 
é resistance at the highest 
dose, no resistance at lowest 
dose 
Alginate microparticles Lactococcus sp. Rainbow trout (O. mykiss) 
 
è resistance 
Sodium alginate Streptococcus spp. Grouper (Epinephelus fuscoguttatus) 
 
é lysozyme, respiratory bursts 
and phagocytic activity and 
resistance 
Virus 
Glucan Infectious hematopoietic 
necrosis virus (IHNV) 
Rainbow trout (O. mykiss) 
 
é resistance, equal respiratory 





Symbols represent an increase (é) in the specified response; no change (è) and; decrease (ê) 
 
Glucan Loma morhua Atlantic cod (Gadus morhua) é lymphocyte density 
β-1,3/1,6-glucan Loma salmonae Rainbow trout (O. mykiss) During week 8-9 post exposure, 
a significant ê in number of 




2.6 The use of gnotobiotic animal model 
 In the early work of Phillips (1959), the term ‘germ-free’ was used to refer to 
animals which were reared under sterile conditions in order to obtain a bacteria-free 
environment but not necessarily eliminating the possibility of the presence of viruses 
or rickettsia. This terminology is still valid until today. A germ-free animal can be 
derived by an aseptic caesarean section or sterile hatching of an egg. This animal is 
reared and continuously maintained using germ-free techniques under isolation 
conditions. The term germ-free animals also refer to axenic animals. The word 
axenic is derived from the Greek wordings ‘a’ (without) and ‘xenikos’ (foreign). 
 The word ‘gnotobiotic’ is derived from the Greek words ‘gnotos’ (known) and 
‘bios’ (life). Gnotobiotic animals are generated by colonizing germ-free animals with 
a defined microbial community or consortia of bacteria (Rooks and Garrett, 2016).  
 In contrast to gnotobiotic and axenic, animals carrying the undefined 
associated microbial community are described as conventional animals or xenic 
animals. 
 The use of germ-free animals for investigating the interaction of between host 
and its associated microbiota has evolved substantially since the past decade. By 
controlling and manipulating the microbial composition associated with the animal 
(Figure 2–9), scientists have been able to obtain valuable information on how 
microorganisms affect the normal physiological functions of the host (Bibiloni, 2012). 
The use of germ-free or gnotobiotic animal in an experiment can lead to an increased 
control of variables and enhanced reproducibility of results (Marques et al., 2006).  
To date, the teleost gnotobiotic fish species such as zebrafish, European sea 
bass, Atlantic cod, Atlantic turbot, halibut and Nile tilapia were studied. Other 
gnotobiotic aquatic animals such as crustaceans, rotifers and molluscs will not be 
discussed in this literature review. 
Germ-free aquatic animals were mainly obtained through i) removing eggs or 
embryos by surgery, ii) treating eggs or embryos using chemicals/antibiotics to 
eliminate microbes or, iii) washing eggs or embryos to remove microbes partially, 
followed (or not) by chemicals/antibiotics treatment to further eliminate microbes 
(Marques et al., 2006). Chemicals and antibiotics that have been used for 
disinfection of teleost eggs was recently reviewed by Swaef et al. (2016). In 2009, a 
gnotobiotic model for European sea bass, including axenic Artemia as a live food for 
the larvae was developed (Dierckens et al., 2009). The same study also developed a 
standardized challenge test with the pathogen V. anguillarum. This creates a very 
useful toolbox to study the host-microbial interaction in fish and pathogen relevant to 
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aquaculture research. Coupling gnotobiotic aquatic organisms with quantitative 
functional studies such as gene expression analysis can be a valuable tool to 
document a wide range of host functions that are modulated by the experimental 
factor (e.g. microbiota, pathogen or immunostimulants) (Marques et al., 2006).  
 
 
Figure 2–9 Comparison of a simplified (left) and a complex (right) host-microbial interaction. 
By using the gnotobiotic European sea bass system, the complex interactions can be 
simplified to a bilateral interaction between host and microbe. 
 
 Per definition, germ-free animals should be free of bacteria, moulds, parasite, 
protozoa, viruses and yeasts (Wostmann, 1996). However, endogenous virus such 
as leukaemia virus can be present in many germ-free mice (Mccracken and Lorenz, 
2001). Germ-free mice have also been reported to have distinct metabolic 
phenotypes, underdeveloped gut-associated lymphoid tissue and some modified 
behavioral and stress responses (Rooks and Garrett, 2016). Therefore, we should 
critically evaluate the possible effects of such endogenous virus on the host immune 
function and development when using germ-free or gnotobiotic animals.  
 Throughout this thesis, three terminologies are constantly being used to 
define the microbiological state of the fish larvae; 
 
1) Axenic: sea bass larvae that are derived from germ-free eggs and are kept in an 
environment which is free of all microorganisms including those that are typically 
found in the gut. 
2) Xenic: sea bass larvae that are derived from germ-free eggs. However, during the 
stocking, larvae were transferred into a vial containing natural sea water with 
undefined microorganisms.  
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3) Gnotobiotic: sea bass larvae that are derived from germ-free eggs and later on 
are brought in contact with known bacteria, such as the bacteria mentioned in Table 
5-1 of Chapter 5 or the Vibrio strain used in Chapter 6 to infect the larvae. 
 
2.7 Delivery systems of immunostimulants in fish 
 Microparticles are delivery systems used for the administration of 
immunostimulants in a controlled manner aimed to achieve a therapeutic effect. 
These systems have a lot of beneficial characteristics. It can be used to target tissue 
specific delivery of active compounds, to improve bioavailability and solubility of 
hydrophobic drugs and it also can be used to provide sustained release and 
protection of the therapeutic agent against degradation (Shi et al., 2010). Delivery of 
immunostimulants or vaccines in fish using different types of microparticles has been 
described (Table 2–7). Synthetic materials such as poly(D,L-lactide-co-glycolide 
acid) (PLGA) particles or natural polymers such as calcium phosphate particles, 
chitosan particles, liposomes and alginate particles have been used to create 
microparticles for targeting the immune system of fish (Ji et al., 2015; Rivas-Aravena 
et al., 2013). Inorganic material such as carbon nanotubes is also being used as a 
delivery system, albeit it is not biodegradable (Zhao et al., 2014). The use of these 
materials as delivery systems is mainly because of their biocompatibility. However, 
natural polymers have been widely used due to their properties. The properties of 
natural polymers include bioactivity, biocompatibility, chemical stability, low toxicity, 
susceptibility to enzymatic degradation and low cost production (Bhattarai et al., 
2010). One of the commonly used natural polymers to create microparticles is 
alginate. Alginate microparticles can be prepared by extruding a solution of sodium 
alginate containing proteins as a droplet into a divalent cross-linking solution such as 
a Ca2+ solution. Gelation and cross-linking of alginate polymers are mainly achieved 
by the exchange of sodium ions from the guluronic acids of the alginate with the 
divalent cations of the cross linking solution. The characteristic ‘egg-box’ structure is 
formed by the stacking of these guluronic groups (George and Abraham, 2006). By 
selecting the alginate type and the formulation conditions it is possible to control the 
characteristics of alginate microparticles: the pore size distribution, the network 
density and the swelling ratio. By manipulating these characteristics it is therefore 
possible to deliver the encapsulated protein in a controlled release manner. 
 In larviculture, encapsulated immunostimulants in alginate microparticles can 
easily be introduced into the water. This action does not provoke stress to the fish 
larvae. Microparticles of the correct size can be designed to ensure the uptake of the 
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particles by marine fish larvae which are having a small mouth opening at the early 
post-hatching stage. After the uptake and ingestion, the immune cells of the fish 
initiate an immune reaction based on the recognition of the immunostimulants. Gut 
cells can take up nanoparticles or microparticles mainly through endocytosis and 
phagocytosis, respectively (Burgdorf and Kurts, 2008). The intestines of fish are 
lacking Peyer’s patches and antigen-transporting M cells. Nevertheless, the lymphoid 
cells and macrophages, that are present between the epithelial cells and 
enterocytes, show an antigen-transporting capacity (Rombout et al., 2011). At the 
time of hatching, the gastrointestinal tract of sea bass larvae starts as a straight tube 
without the presence of a clear stomach. After this stage, a further 
compartmentalization of this tube will occur. Between DAH4 and DAH5, the 
gastrointestinal tract of the European sea bass shows five differentiated regions: the 
oropharynx, esophagus, gastric region, intestine and rectum (Rekecki et al., 2009). 
After yolk sac resorption, the esophagus continues to develop and the intestinal 
mucosal folds become deeper and the number of goblet cells increase (Gisbert et al., 
2014). During development, the efficiency of protein ingestion in the gastrointestinal 
tract increases. The initial basic protein digestion is progressively replaced by a more 
efficient acidic digestion (e.g. gastricin) (Darias et al., 2008). Therefore, there is a 
possibility to induce immune responses in sea bass larvae by feeding microparticles 









Encapsulated molecule Species Size Reference 





Oncorhynchus mykiss 22 g Romalde et al. 2004 
 ≤ 10 µm Emulsification 
(sodium alginate, 
3% w/v) 
Plasmid DNA: major 
capsid protein from 
lymphocystis disease virus 
(LCDV) 
Oncorhynchus mykiss 20 g Altun et al. 2010 
 10 µm Emulsification 
(sodium alginate, 
3% w/v) 
Plasmid DNA: viral protein 
2 from Infectious 
pancreatic necrosis virus 
(IPNV) 
Salmo trutta 1.5 g de las Heras et al. 2010 
1.1.1  5 µm Not described Vibrio anguillarum 
supernatant 
Cyprinus carpio 60 g Joosten et al. 1997 
Oncorhynchus mykiss 120 g 





Oreochromis niloticus Not 
described 
Rodrigues et al. 2006 
Chitosan ≤ 10 µm Emulsification 
(chitosan, 3% w/v) 
Plasmid DNA: major 
capsid protein from 
lymphocystis disease virus 
(LCDV) 
Paralichthys olivaceus 50-100 g Tian et al. 2008 
 < 5 µm Spray drying (240 
mg of Poly (methyl 
vinyl ether)-co-
(maleic anhydre) 
and 250 mg of 
chitosan) 
Surface antigen from 
Philasterides dicentrarchi 
Scophthalmus maximus 50 g León-Rodríguez et al. 
2012 
PLGA 1.12 µm Double emulsion 
(PLGA 50:50, MW 
30-70 kDa) 
OMP from Aeromonas 
hydrophila 
Labeo rohita 30-40 g and 
250-300 g 
Behera et al. 2010 
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 <10 µm Double emulsion 
(Lactic:Glycolic acid 
75:25, MW 50 kDa) 
Plasmid DNA: major 
capsid protein from 
lymphocystis disease virus 
(LCDV) 
Paralichthys olivaceus 500-1000 g Tian et al. 2008 




Oncorhynchus mykiss 100-200 g Lavelle et al. 1997 
PLGA/ 
Liposome 






molar ratio 1:10:5) 
Inactivate Aeromonas 
hydrophila 
Cyprinus carpio 30 g Yasumota et al. 2006 




CpG oligodeoxynucleotide  
1668 
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Marine fish larvae are known to drink water and to feed selectively. We 
studied water and microparticle ingestion of axenic sea bass larvae at the early post-
hatching stage. Knowledge on these physiological processes is crucial for designing 
effective feeding, particle delivery schemes for marine fish larvae and for the 
understanding of the interaction and/or association between larval fish and smaller 
microparticles such as bacteria in aquaculture systems. We found that the 
fluorescence intensity of accumulated FITC-labelled dextran in the gut of laboratory-
reared axenic European sea bass larvae (Dicentrarchus labrax), at day after hatching 




. Additionally, by 
providing microparticles of 2, 10 or 45 µm, each time in combination with reference 
microparticles of 20 µm at an equal particle volume, feed size selection was 
examined. Feeding bigger particles (a combination of 45 and 20 µm) resulted in a 








) than feeding particle 








). Based on 
Jacobs’ selectivity index (D-values), fish larvae always selected for the bigger 
particles. Larvae showed significant positive selection towards 45 µm particles after 
12 h of feeding. We conclude that axenic European sea bass larvae at DAH7 fed 
selectively on larger microparticles and unintentionally ingested small microparticles 
through drinking. Thus, both active and unintentional uptake of microparticles can be 
useful for microparticle delivery in early post-hatching marine fish larviculture. These 
results produce insight into the possibility of feeding with an appropriate particle size 




Both marine and fresh water fish are known to drink water in order to adapt to 
their environment. Marine fish are hypotonic to their environment because their 
internal osmotic concentration is lower than of the surrounding water. Therefore, their 
water loss via osmosis is being compensated by drinking sea water (Charmantier et 
al., 2005). A vast amount of information of osmoregulation in adult marine fish is 
available (Evans, 2008). However, knowledge on the drinking activity by marine fish 
larvae is still limited to only a few species such as cod, plaice, turbot and European 
sea bass (Mangor-Jensen and Adoff, 1987; Reitan et al., 1998; Tytler and Blaxter, 
1988; Varsamos et al., 2004). Nevertheless, no information is available on the 
drinking activity in axenic European sea bass larvae. So far, axenic sea bass larvae 
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have been used to study host microbial interactions (Dierckens et al., 2009; Li et al., 
2014; Rekecki et al., 2012).  
The drinking activity in fish larvae is closely associated with the ingestion of 
particles that are present in the water column. This ingestion of particles is part of the 
fish feeding behavior, which is influenced by several factors such as the availability of 
appropriate prey (e.g. size and density), the fish’s ability to capture, handle and 
ingest the food. Knowledge on the larva’s feeding behavior and factors that modulate 
food detection, capture and ingestion by fish larvae are vital for developing feeding 
strategies. Selection of the correct particle size is important at the feeding onset for 
European sea bass larvae in order to comply with the size of larval mouth opening 
and to ensure optimal ingestion of feed. The opening of the mouth of sea bass larvae 
is situated between DAH4 and DAH5. At that moment, the mouth size is ranging 
between 170-320 μm (Silva, 2007). Previously, microparticulated compound diet 
ranging from 60 to 120 µm was used to feed conventional European sea bass larvae 
at DAH6 to 13, while microparticulated compound diet ranging from 120 to 200 µm 
and 200 to 400 µm were used from DAH14 to 25 and from DAH26 onwards, 
respectively (Cahu and Zambonino, 1994). The use of fluorescent latex (polystyrene) 
inert microparticles has been proven useful to aid in the visualization of the ingestion 
of particles by zebrafish (Cocchiaro and Rawls, 2013; Field et al., 2009) as well as in 
filter-feeding organisms like Artemia and polycheata (Fang-Yen et al., 2009; Makridis 
and Vadstein, 1999).  
 The objectives of this study were to gain further insight into the drinking 
activity and microparticles size selection in axenic European sea bass larvae. Data 
obtained from this study can be useful in determining the best approach for 
administering immunostimulant to the sea bass larvae. Immunostimulants can be 
added directly to the water and will be taken up by the larvae through drinking 
activity. These immunostimulants can also be taken up via the skin or the mucosa of 
the gills upon contact. However, further studies may reveal if these 
immunostimulants can also act upon skin and gills direct contact. Immunostimulants 
can also be encapsulated in microparticles of certain size and can be eaten by the 
larvae. To determine the drinking activity, we have opted to use an inert tracer 
because of its non-hazardous nature and hence its ease of handling. While particles 
size selection was studied by feeding sea bass larvae with inert fluorescent latex 
(polystyrene) microparticles preventing digestion and thus facilitating the exact 
quantification of ingested particles. Investigation of size selection using axenic sea 
bass larvae could potentially avoid interference with naturally occurring 
microparticles such as microorganisms. To our knowledge, the present study is the 
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first to measure the drinking rate, ingested volume and particle size selection using 
inert particles in early post-hatching axenic European sea bass larvae. 
 
3.2 Materials and methods 
3.2.1 Axenic sea bass larvae 
 Naturally spawned European sea bass (D. labrax) eggs were obtained from 
Écloserie Marine (Gravelines, France). Hatching of axenic sea bass larvae was done 
according to the protocol described by Dierckens et al. (2009). After acclimatization 
with UV-treated sea water, 24,000 eggs were used in order to obtain axenic larvae. 
First, the eggs were rinsed with 4 L of autoclaved artificial sea water (Instant Ocean, 
United Pet Group, Virginia, US). Next, the eggs (2400 eggs L
-1
) were disinfected for 3 
min with 200 mg L
-1
 glutaraldehyde (FLUKA ID49629; Glutaraldehyde 50% solution) 
and rinsed again with 3 L autoclaved artificial sea water. Subsequently, the eggs 
were incubated in 40 gently aerated incubation bottles for three days, each 
containing 600 eggs in 400 mL filtered (0.45 μm; Sartobran P, Sartorius Stedim 
Belgium N.V., Vilvoorde, Belgium), autoclaved sea water supplemented with 10 mg 
L
-1
 ampicillin and 10 mg L
-1
 rifampicin. Hatching of axenic larvae usually occurred 
after ± 60 h of incubation. Unless otherwise stated, larvae were stocked in filtered, 
autoclaved artificial sea water, at a salinity of 36 g L
-1
 and were kept in a 
temperature-controlled room (16 ± 1°C) with dim blue light (100 lux). A rifampicin 
solution was added together with filtered, autoclaved artificial sea water at a final 
concentration of 10 mg L
-1
. Vials of stocked larvae were placed on a rotor turning at 4 
rpm with an axis tangential to the axis of the vials to provide aeration and avoid 
sedimentation. Larvae were unfed in all experiments to avoid interference with the 
determination of the drinking rate and particle uptake. Axenity was tested by adding 
30 eggs and 1 mL of culture medium from each incubation bottle to 9 mL of sterile 
marine broth (Carl Roth GmbH Co., Karlsruhe, Germany) followed by incubation at 
28°C for 96 h. Incubation bottles that were positive for growth of bacteria were not 
included in the experiment. This experiment was carried out in accordance with the 
recommendations in the European Union Ethical Guidelines for the care of animals 
used for experimental and other scientific purposes (2010/63/EU). 
 
3.2.2 Measurement of the drinking rate 
At DAH6, five biological replicates of 34 larvae were collected and stocked 
one by one in a sterile transparent screw cap vial in 9 mL filtered, autoclaved artificial 
sea water. Rifampicin was not added to avoid fluorescence intensity interference. At 
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DAH7, the drinking rate was determined by adding 1 mL fluorescein isothiocyanate 
(FITC) labelled dextran (MW 4000 Da; Sigma Aldrich, Diegem, Belgium) to each vial 
at a concentration of 1 mg mL
-1
 (10 mL final volume per vial). Larvae in vials added 
with 1 mL filtered, autoclaved artificial sea water without FITC-labelled dextran 
served as a control. Ten larvae per replicate were sampled at each time point: 20, 40 
and 60 min after addition of FITC-labelled dextran, anaesthetized (0.1% benzocaine) 
and washed three times with filtered, autoclaved artificial sea water. The 
fluorescence background of individual larvae was very similar. Hence, ten larvae 
were placed in a flat bottom 96-well microplate with five replicates and fluorescence 
intensity was determined using a fluorescent microplate reader (Tecan Infinite M200, 
Mechelen, Belgium) at 490 nm excitation with 520 nm emission. The drinking rate 
was determined by comparing the intensity of accumulated fluorescence in the gut 
using a standard curve derived from fluorescence intensity of serially diluted FITC-
dextran (1 mg mL
-1
) in filtered, autoclaved artificial sea water containing larvae 
homogenate in triplicate. Establishment of the correlation is possible due to the 
transparency of the tegument lining of the sea bass larvae at DAH7. Correlation 
coefficient was determined by linear regression equation relating the volume of 
fluorescent dextran (x, nl) and fluorescent intensity (If) in the gut of larvae at the time 





 polystyrene latex microparticles (Polyscience Inc., 
Pennsylvania, USA) were counted using a Bürker haemocytometer (LO Laboroptik 
Ltd., Lancing, UK) and Sedgewik-Rafter counting chamber (Fisher Scientific, Aalst, 
Belgium). Particles from each size were suspended in sea water at an equal volume 






 in order to avoid confounding bead size with total offered bead 
volume. All microparticles were yellow green fluorescent with 441 nm excitation and 
486 nm emission spectra. Particles with three different sizes were tested (2, 10 and 
45 µm) against particles of 20 µm (median size) as the reference size. Particle 
uptake was always compared between two bead sizes (one of three test sizes and 
the reference size) to increase the accuracy of the estimated selection index (Baer et 
al., 2008). 
 
3.2.4 Measurement of the ingested volume and size selection 
At DAH6, 12 larvae were stocked in 9 mL filtered, autoclaved artificial sea 
water in three biological replicates. At DAH7, three different combinations (2 and 20 
Chapter 3 
 73 
µm; 10 and 20 µm; 45 and 20) and a control with only 20 µm of Fluoresbrite
®
 







. The number and volume of ingested microparticles were determined by 
sampling the larvae after 2, 4, 8 and 12 h of feeding. Larvae were anaesthetized with 
0.1% benzocaine and rinsed gently three times with sterile, filtered, artificial sea 
water on 100 µm mesh sieve to remove microparticles that were uneaten or sticking 
to the body. Subsequently, larvae were transferred into glass vials, vigorously 
vortexed with 1 mL of 65% nitric acid (HNO3) followed by addition of 4 mL of distilled 
water. Finally, 1 mL of 30% sodium hydroxide (NaOH) was added to neutralize the 
pH of the samples. Dissolved larvae were filtered on 0.2 µm Whatman
™ 
Black 
Polycarbonate Membranes (Sigma Aldrich, Diegem, Belgium) and the number of 
microparticles was counted using a solid phase cytometer (ChemScan C; 
Chemunex, Ivry-sur-Seine, France) and epifluorescence microscopy (Olympus 
BX40; Olympus Belgium N.V., Aartselaar, Belgium). 
In addition, determination of size selection was done using a modified version 
(Baer et al., 2008) of Jacobs’ selectivity index (Jacobs, 1974). Jacobs’ selectivity 
index (D) was calculated for two microparticle sizes, A (test size) and B (reference 
size), as: 
 
DA = (rA-pA)/(rA+pA-2rApA)       Eq. (1) 
 
Where rA = fA/(fA+fB) and pA = NA/(NA+NB)     Eq. (2) 
 
rA fraction of latex microparticles of size A in the guts of the larvae 
pA fraction of latex microparticles of size A in the medium 
fA number of latex microparticles of size A in the guts of the larvae 
fB number of latex microparticles of size B in the guts of the larvae 
NA number of latex microparticles of size A in the medium 
NB number of latex microparticles of size B in the medium 
DA selectivity for A ranges from -1 to + 1, where D = 0 indicate unselective 
 feeding, D = + 1 indicate positive selection and D = - 1 indicate negative 
 selection for microparticles of size A. 
 
3.2.5 Statistics 
Statistical analysis was conducted using IBM SPSS Statistics for Windows, 
Version 21.0 (IBM Corp., Armonk, NY). Data used for parametric analysis of variance 
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(ANOVA) were tested for homogeneity of variance (f-test, p<0.05). One-way ANOVA 
between groups was used to compare differences of the drinking rate, total ingested 
volume of microparticles (combination of test and reference size) and the percentage 
of total ingested volume of test particles at p<0.05. ANOVA tests were followed by 
post-hoc comparisons using Tukey HSD test. Independent-samples t-test (p<0.05) 
was used to compare Jacobs’ selectivity index D-values against a D-value of zero. 
 
3.3 Results 
3.3.1 Measurement of the drinking rate 





 after being exposed to FITC-labelled dextran. There were no 
statistically significant differences in drinking rate between the three time points (20, 
40 and 60 min), indicating a constant drinking rate for 1 h. 
 
3.3.2 Measurement of total ingested volume 
Larvae at DAH7 were fed with a combination of test (2, 10 and 45 µm) and 
reference (20 µm) microparticles. Ingested volumes were measured after 2, 4, 8 and 
12 h of feeding and the mean ingested volumes for these four time points were 
calculated. Feeding a combination of 45 and 20 µm particles always resulted in a 








) than feeding particle 
combinations of 2 and 20 µm or 10 and 20 µm. For the latter two, the mean ingested 









3–1). Larvae fed a combination of 45 and 20 µm particles always ingested a 
significantly higher volume at each time point than larvae fed with particle 





Figure 3–1 Total ingested volume for each test size and 20 µm reference particles at different 
time points. Larvae fed with a combination of smaller microparticles (2 and 20 µm or 10 µm 







. The total ingested volume of 2 µm particles represents mainly the reference 
particles (20 µm) as very few 2 µm particles were detected. Vertical bars represent standard 
deviation (n=3). Letters denote significant differences in total ingested volume of the 
microparticles between different size combinations at each time point, (One-way ANOVA, 
Tukey HSD, p<0.05). 
 
Regardless the examined time point, larvae always preferred the largest 
particles within each particle combination used (Figure 3–2). Thus, particles of 45 or 
20 µm were preferred above particles of 2 and 10 µm. Larvae had eaten a high 
percentage of 45 µm particles volume compared to particles volume of 20 µm at 
each time point, e.g. at 12 h, 95 ± 0.5% of the ingested volume were of 45 µm 
particles. At the same time point (12 h), larvae had eaten 20 ± 8% of the 10 µm 





Figure 3–2 Ingested volume of test microparticles expressed as percentage per larva 
compared to the total ingested volume of reference microparticles. Particles of 2 µm were the 
least ingested compared to the particles of 10 and 45 µm, and represented by a very small 
percentage between 0.05 to 0.10% after 12h of feeding. Vertical bars represent standard 
deviation (n=3). Letters denote significant differences of percentage ingested microparticles 
between test sizes (One-way ANOVA, Tukey HSD, p<0.05). 
 
3.3.3 Measurement of size selectivity 
 As proposed by Jacobs (1974), selective feeding occurs when a feeder 
consumes co-occurring feed at different rates. The selectivity index (D) can range 
from + 1, over 0 to - 1 indicating a positive selection, no selection and negative 
selection, respectively. At 2, 4 and 12 h, sea bass larvae always exhibited a positive 




Figure 3–3 Selectivity index (D-values) of fish larvae fed on test and reference particles. 
Positive values indicate that larvae fed two different sizes (test and reference particles) 
always selected the bigger particles. Additionally, larvae showed a significantly positive 
selection of 45 µm particles after 12 h of feeding. Negative selection was observed for the 
small sized microparticles of 2 and 10 μm against reference particles at all time points. 
Vertical bars represent standard deviation (n=3). Asterisks denote significant differences 
between calculated D-values and a D-value of zero (t-Test, p<0.05). 
 
3.4 Discussion 
3.4.1 Sea bass drinking rate 
Marine fish are known to drink water to compensate for osmotic losses. Here 
we measured the drinking rate of axenic sea bass larvae at DAH7. To our 
knowledge, there are only 4 similar studies, examining the drinking rate in marine fish 
larvae at DAH7, DAH2, at mouth opening or yolk sac stage and juvenile (Mangor-
Jensen and Adoff, 1987; Reitan et al., 1998; Tytler and Blaxter, 1988; Varsamos et 





Table 3–1 Comparison of drinking rate in other marine fish species. 
Species 









(nL h-1 larva-1) (nL h-1 larva-1) (nL h-1 mg-1) 
Gadus morhua (cod) 34 5 7 3.3 - - Mangor-Jensen and 
Adoff, (1987) 
       
 Clupea harengus 
(herring) 
32 7.5 35 46.6 a65.1  - Tytler and Blaxter, (1988) 
        
 
16 7.5 35 19.2 a35.9  - 
 
        
Pleuronectes 
platessa (plaice) 32 7.5 16 24.1 
b27.0 - 
 
        
 
16 7.5 16 16.6 b35.0  - 
 
        
G. morhua (cod) 32 7 4 7.5 - - 
 
        
 
32 7 19 26.8 18.7  - 
 
        
 
16 7 19 10.3 - 
  
       
 Scophthalmus 
maximus (turbot) 34 12 to 18 2 to 11 14.0 to 120.0 - - Reitan et al. (1998) 
       
 D. labrax  5 17 mouth - - 
c59.9  Varsamos et al. (2004) 
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25 17 - - *63.9  
 
      
 
   
 
   
 D. labrax  36 16 7 - 4.1  - This study 
(European sea bass)               
 
aDrinking rate was based on larvae of day after hatching 41 (DAH41). 
bDrinking rate was based on larvae of day after hatching 4 (DAH4). 




In our study, sea bass larvae at DAH7 (0.5 mg mean wet body weight) that 
were kept for 1 h at a salinity of 36 g L
-1
 and water temperature of 16 °C showed a 




, which is lower than the drinking rate 
of European sea bass larvae obtained in a previous study (Varsamos et al., 2004). In 
spite of that, a direct comparison of the drinking rate as such is rather difficult, due to 
the difference in units used in the study of Varsamos et al. (2004). Also, in that study 
a different salinity was used (5 and 25 g L
-1
) relative to the one used in our study (36 
g L
-1
). This salinity was used based on the axenic sea bass model developed in our 
laboratory (Dierckens et al., 2009). In older larvae, juvenile and adult fish, it is known 
that the drinking activity is influenced by water salinity (Skadhauge and Lotan, 1974; 
Varsamos et al., 2004). However, a comparison of the drinking rate (normalized to 
body weight) in yolk sack stage of European sea bass larvae showed no significant 
difference at different salinities (Table 3–1) (Varsamos et al., 2004). This suggests 
that the low drinking rate by European sea bass larvae in our study was not the 
consequence of the high salinity used. In early post-hatching, fish larvae adaptation 
to changes in water salinity is controlled through osmotic permeability of the 
integument or skin surfaces. It is equipped with goblet cells for gas exchange and 
ionocytes or chloride cells for ion exchange (Varsamos et al., 2004; Schreiber, 2001) 
which showed the ability to expand cell size as the salinity increases (Hiroi et al., 
1999). European sea bass larvae are shown to be able to osmoregulate through 
tegumentary ionocytes (Giffard-Mena et al., 2006). 
The low drinking activity in our axenic sea bass perhaps depends on the 
accuracy of the measurement techniques. In most studies on drinking rate, 
assessment was done using inert isotope tracers, especially 
3
H-labelled dextran. 
Here we used FITC-labelled dextran, which is a safer alternative inert marker 
compared to radioisotope tracer. Earlier, the use of a radioactive tracer and FITC-
labelled dextran was compared in larvae of three different marine fish species (Tytler 
and Blaxter, 1988) (Table 3–1). DAH32 herring larvae and DAH4 plaice larvae at a 
salinity of 32 g L
-1
 showed, depending on the technique used, a similar difference in 
drinking rate. When measured with the 
3
H-labelled dextran-based method, drinking 
rate yields slightly lower values compared to FITC-dextran-based method. So, the 
rather low FITC-dextran drinking rate obtained in this study does not seem to be 
inherent to that methodology. Although the data are consistent with the general claim 
that marine fish larvae drink water, there is no information about drinking activity in 
axenic marine fish larvae. Hence, we speculate that the complete absence of 
particulate compounds could have an influence on the drinking rate in European sea 
bass larvae and this should be a topic for further research. If this hypothesis would 
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be substantiated, it would mean that drinking rate values should only be reported if 
particle concentration is measured simultaneously.  
 
3.4.2 Sea bass microparticles ingestion 
Currently, we showed that axenic sea bass larvae were able to ingest inert 
latex particles at first feeding, if being offered at appropriate size. 100% of the larvae 
survived when fed up to 12 h, allowing us to assume that the size of microparticles at 
2, 10, 20 and 45 µm were not interfering with the ingestion (data not shown). 
Independent from time and the particle size combination, larvae always preferred the 
largest particles (Figure 3–3). Thus, particles of 45 or 20 µm were preferred above 
particles of 10 and 2 µm. Previously, sea bream larvae (S. aurata) with a total length 
of less than 4 mm preferentially ingested particles of 25 to 50 µm and larvae of 4 and 
5 mm preferred particles of 51 to 100 µm (Fernández-Diaz et al., 1994). Additionally, 
ingestion of the smallest inert microparticles (2 µm) in our study showed that the 
unintentional uptake of the particles occurred through drinking activity. Similar 
observations have been made in yolk sac larvae of cod which have been shown to 
ingest bacterial particles before exogenous feeding (Hansen and Olafsen, 1999; 
Olafsen, 2001). Unattached bacteria could also be ingested by tilapia fry 
(Oreochromis niloticus) after a bacterial suspension was introduced to the culture 
water (Beveridge et al., 1989). Consequently, our information related to the 
unintentional uptake of smaller particles could be useful for aquaculture, such as in 
the application of beneficial probiotic bacteria through suspension feeding. 
First feeding of marine fish larvae such as in the European sea bass (D. 
labrax) (Barnabe, 1976), gilthead sea bream (Sparus aurata) (Yúfera et al., 1999) 
and Dover sole (Solea solea) (Appelbaum, 1985) can be done using artificial or 
microencapsulated diet. However, the size of these diets is important to ensure 
uptake and ingestion of the diet by marine fish larvae. Previously, a study in Asian 
sea bass (Lates calcarifer) between DAH3 to DAH14, feeding larvae all-protein-
membrane microcapsules with a size range from 15 to 150 µm, demonstrated 
ingestion in the range of 40 to 60 µm (Walford et al., 1990). The intestinal transit of 
the smaller particles posed no problems. In contrast, larger particles (90 to 150 µm) 
showed an extended intestinal passage time and their passage through the 
intestinal-rectal valve was extremely difficult. We also noticed that a combination of 
larger particle sizes (45 and 20 µm) was causing obstruction in the gut that may have 




3.4.3 Size selectivity 
Marine fish larvae are considered as visual feeders. This is because, at 
mouth opening stage, their eyes start to be pigmented (Yúfera and Darias, 2007). 
Thus, it is important to feed sea bass larvae with particle sizes that are appropriate 
for each developmental stage, i.e. at the mouth opening stage. This is to ensure that 
the fish larvae could visualize, capture and ingest the offered particles. The success 
in capturing a food particle by fish larvae, after their sensory organs localized a 
particle, is also being determined by an appropriate ratio of larval mouth gape and 
particle size. In this case, with the known mouth size of sea bass ranging between 
170-320 µm (Silva, 2007), ingestion of the given inert microparticles was shown to be 
possible. 
At early exogenous feeding, ingestion of feed particles by fish larvae is mainly 
happens by swallowing due to the lack of capability to bite (Boglione et al., 2003; 
Kohno et al., 1983). The prey is also selected by its size more than taste or other 
factors (Yúfera and Darias, 2007). It has been shown that fish larvae can ingest prey 
with similar size to their mouth gape, but usually prefer smaller prey with prey/gape 
ratio of 25-50% (Yúfera and Darias, 2007). The range of accessible prey or particle 
size increases as the fish larva grows. In this study, we observed a selective feeding 
behavior in early post-hatching axenic sea bass larvae. Size selection was being 
determined using only a combination of two particle sizes rather than a mixture of 
many particle sizes to increase the accuracy of the estimated selection index (Baer 
et al., 2008). Furthermore, the use of inert microparticles can also avoid the 
interference of other factors that might affect size selection such as particles’ surface 
characteristics, feeding attractants and nutritional quality (Baer et al., 2008). Jacobs’ 
selectivity index (D) indicated a positive selection for large (45 µm) and negative 
selection for small particles (2 and 10 µm) compared to the reference size of 20 µm. 
Thus, feeding fish larvae with a larger particle size ensured an active uptake of the 
particles into the gut lumen. Ingestion of the 2 and 10 µm particles could be due to 
passive or unintentional uptake through drinking activity. This unintentional uptake of 
smaller microparticles through drinking is suggested to continue even when the eyes 






Our study addressed a short-term inert microparticle feeding of laboratory-
reared axenic European sea bass larvae at DAH7. Larvae exhibited drinking activity, 
albeit at a low rate. Therefore, administering immunostimulant by adding it directly in 
the water might not be the best approach. Larvae preferably consumed inert 
microparticles of bigger size within each particle combination used. Particles of 45 
µm were preferentially selected above particles of 20, 10 and 2 µm. Ingestion of 
smaller particle sizes happened rather unintentionally through drinking. In conclusion, 
an appropriate particle size selection allows microparticle delivery at early post-
hatching in marine fish larvae through unintentional and active uptake of 
microparticles. Data from this study have shown the possible use of microparticle as 
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Abstract 
Aquaculture is the fastest growing animal production sector. However, the 
production of marine fish is still hampered by the high mortality rate in the first few 
weeks after hatching. Mortality in larvae is often caused by microbial infections. 
Today, the incorporation of immunostimulants into microparticles provides us new 
tools to enhance disease resistance in marine larviculture. In this study, we prepared 
alginate microparticles loaded with the model antigen FITC-BSA. Optimum 
concentrations of alginate and CaCl2, the correct alginate viscosity and the 
appropriate conditions led to the creation of desirable microparticles with optimal size 
for oral feeding in gnotobiotic European sea bass larvae. The prepared alginate 
microparticles were stable in sea water and were successfully ingested by 
gnotobiotic sea bass larvae at day after hatching 7 (DAH7) without causing any 
negative effects. Our results suggest the suitability of this drug delivery system for 
targeting the innate immune system of fish larvae in order to enhance disease 
resistance and thus reduce mortality in larviculture. 
 
4.1 Introduction 
 Considerable progress has been achieved during the past few years in 
aquaculture production. However, aquaculture is still hampered by microbial 
infections. Several etiological agents such as vibriosis, pasteurellosis, furunculosis 
and streptococcosis are affecting marine fish culture including larviculture (Toranzo, 
2004). Typically, antibiotics and/or vaccines are used to control infectious disease in 
aquaculture (Defoirdt et al., 2004). However, extensive use of antibiotics creates 
resistant bacteria and it might result in the presence of antibiotic residues in fish meat 
and in the environment. On the other hand, vaccines cannot be used in fish larvae 
due to a non-functional adaptive immune system at that early live stage (Rosas-
Ledesma et al., 2012). Nevertheless, fish larvae do have a functional innate immune 
system (Vadstein et al., 2013). Thus, stimulation of the innate immune system of fish 
larvae could lead to increased resistance against infectious diseases. Oral delivery of 
an immunostimulant is likely the best approach due to the size and fragility of marine 
fish larvae and the need for a mass application method. Ideally, the immunostimulant 
should be encapsulated using appropriate biopolymers, as biopolymers protect the 
immunostimulant from hostile (e.g. proteases) environments. One of the commonly 
used biopolymers is calcium alginate (Rivas-Aravena et al., 2013). 
 Alginate is a polysaccharide, which can be extracted from brown algae (kelp) 
and bacteria. Commercially available alginates are primarily extracted from brown 
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algae such as Laminaria hyperborea, Ascophyllum nodosum, Macrocystis pyrifera, 
Laminaria japonica, Ecklonia maxima, Lessonia nigrescens, Durvillaea antartica and 
Sargassum spp. (Draget, 2009) by treatment with aqueous alkali solutions, typically 
with NaOH. The extract is filtered and either sodium or calcium chloride is added to 
the filtrate in order to precipitate alginate. This alginate salt can be transformed into 
alginic acid by treatment with diluted HCl. After further purification and conversion, 
water-soluble sodium alginate powder is produced (Rinaudo, 2008). Alginate is 
composed of the uronic acid, β-D-mannuronic acid (M) and its C-5-epimer α-L-
guluronic acid (G) (Gacesa, 1988). These monomers may be arranged in 
homopolymeric [polymannuronic acid (M-blocks) or polyguluronic acid (G-blocks) or 
heteropolymeric, alternating M and G (MG-blocks)] structures (Ertesvåg and Valla, 
1998). 
 Alginate is used as a gel-former and viscosifier in a wide range of industrial 
applications and it is inexpensive. An alginate matrix, which enables the entrapment 
of a variety of biological agents, can be created by cross-linking the guluronic acid 






 (Ertesvåg and Valla, 1998). The 
process of cross-linking is also known as ionic gelation and it is based on the ability 
of polyelectrolytes (e.g. negatively charged alginate) to cross-link in the presence of 
counter ions (e.g. positively charged calcium) forming a three-dimensional lattice of 
ionically cross-linked particles (Lemoine et al., 1998). It is possible to control to some 
extent the pore size, the network density and the swelling ratio of the lattice (Thu et 
al., 2000). Particles of different sizes (nano-, micro- or even larger) that can entrap 
different amounts of biomolecules can be prepared using different formulations and 
processing conditions (Saraei et al., 2013).  
 Alginate is considered as safe due to its low toxicity and low immunogenicity 
(Gombotz and Wee, 1998). It is biodegradable and it possesses muco-adhesive 
properties (George and Abraham, 2006; Suksamran et al., 2009). Thus, alginate 
particles could provide localized delivery and controlled release of the 
immunostimulant. The release of the immunostimulant from the alginate matrix 
follows two main mechanisms: diffusion through the pores of the polymer network 
and degradation of the polymer network (Gombotz and Wee, 1998; Takka and 
Acartürk, 1999). Immunostimulant release is ruled by several parameters such as the 
pore size of the alginate particles, the size and physico-chemical nature of the 
immunostimulant and the strength of interaction between immunostimulant and 




 Previously, the use of alginate matrices has been explored for immobilization 
and delivery of peptides, protein drugs and bacteria (Gbassi et al., 2009; George and 
Abraham, 2006; Romalde et al., 2004). Besides, Joosten et al. (1997), described the 
use of alginate microparticles containing killed Vibrio anguillarum for oral vaccination 
in adult fish. However, as far as we know, protection of fish larvae against V. 
anguillarum by oral administration of encapsulated immunostimulants in alginate 
microparticles has never been evaluated to date. Previously, oral administration of 
Artemia enriched with alginate rich mannuronic acid microparticles were studied in 
juvenile turbot (Skjermo et al., 1995). Immunostimulants should be administered as 
soon as possible after hatching in order to achieve early protection. Sea bass larvae 
start to open their mouth from 4-5 days after hatching (DAH) onwards. At that 
moment, the mouth size ranges between 170 and 320 µm (Silva, 2007). Most larvae 
have opened their mouth at DAH7. Thus, opening time of the mouth and mouth size 
are determining factors for designing oral delivery methods, but there is more, as we 
previously showed that inert polystyrene particles smaller than 45 µm are 
insufficiently ingested at DAH7 as they are not selected by the sea bass larvae 
(Yaacob et al., 2016). 
 In this study, we investigated the feasibility of the ionic gelation method for 
encapsulating the model antigen fluorescein isothiocyanate conjugated-bovine serum 
albumin (FITC-BSA) into alginate microparticles. Different viscosities and 
concentrations of alginate as well as different homogenizing protocols were used in 
order to prepare FITC-BSA containing alginate microparticles of different sizes, 
ranging from 45 µm to 100 µm. Finally, we quantified the ingested FITC-BSA 
containing microparticles in 7-day-old gnotobiotic European sea bass larvae. This 
experiment could also be performed in non-gnotobiotic sea bass larvae. Note that 
experiments in this chapter were performed under gnotobiotic conditions to 
standardize the microbial status with the experiments in the following chapters of this 
thesis. 
 
4.2 Materials and methods 
4.2.1 Alginate microparticle preparations 
 Alginate microparticles were prepared by use of an emulsification method. 
The method was adapted from Lemoine et al. (1998). Three mL of an aqueous 
sodium alginate solution prepared by using low viscosity (A2158) or medium 
viscosity (A2033) alginate (Sigma-Aldrich, Diegem, Belgium), were dispersed in 12 
mL iso-octane (Sigma-Aldrich) solution containing two lipophilic surfactants, 0.05% 
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(v/v) Span-80 (Fagron, Waregem, Belgium) and 0.02% (v/v) Tween-80 (Fagron). The 
solution was stirred with a magnetic stirrer for 3 min. Two different concentrations of 
FITC-BSA (500 and 50 µg mL
-1
; Sigma-Aldrich) were added to the aqueous solution 
containing sodium alginate. The emulsion was homogenized for 2 min using a Turrax 
homogenizer (Bodart & Co., Antwerp, Belgium) followed by addition of 3 mL of a 
calcium chloride solution at a constant concentration (700 mM; Sigma-Aldrich) and 
stirred for another 2 min. Next, 15 mL of isopropyl alcohol (Fagron) was used to 
further harden the formed microparticles. The microparticles were collected by 
centrifugation (300 x g) for 3 min, washed three times with sterile deionized water 
and immediately used for further testing. The effect of various formulations and 
operational procedures on the microparticle’s size was examined. Details of 
experiment conditions are shown in Table 4–1. Each experiment was performed with 
batches of microparticles prepared in triplicate. 
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4.2.2 Morphology and size determination of alginate microparticles 
 The morphology of the alginate microparticles and the absence of aggregates 
were monitored by optical microscopy (Leica DM2500 P; Leica Microsystem, 
Diegem, Belgium). In addition, triplicates of alginate microparticle batches were 
subjected to laser diffraction to determine the mean diameter of the particles and the 
size distribution (laser light scattering spectrometry using a 300RF lens and a MS-1 
small volume sample dispersion-unit; Mastersizer S; Malvern Instruments, 
Worcestershire, UK). Laser diffraction data were analyzed using the CompMalv 
computer program (Mastersizer-S Software version 2.17). 
 
4.2.3 Antigen entrapment and encapsulation efficiency 
Two different concentrations of FITC-BSA (500 and 50 µg mL
-1
) were 
encapsulated into alginate microparticles. For each FITC-BSA concentration, 
triplicates of alginate microparticle batches were prepared using the optimal 
formulation and optimal experimental condition as determined by optical microscopy 
and laser diffraction. Triplicates of 10 mg of FITC-BSA-loaded microparticles, 
accurately weighed, were dissolved in 1 mL of 0.05 M diethylene-diaminetetraacetic 
acid (EDTA; Sigma-Aldrich) and sonicated for 5 min to dissolve the microparticles. 
Subsequently, samples were centrifuged for 5 min (3500 x g) and triplicates of 100 
µL supernatant were used to determine the FITC-BSA concentrations using 
fluorescence spectroscopy (Tecan Infinite M200 and Tecan i-Control version 1.3 
software program; Tecan Benelux, Mechelen, Belgium) at an excitation wavelength 
of 495 nm and an emission wavelength of 525 nm. From this result, the percentage 
(mass fraction; w/w) of FITC-BSA per wet weight of microparticles was determined.  
The amount of encapsulated FITC-BSA was calculated based on a standard 
curve derived from fluorescence intensity of a 2-fold serially diluted known amount of 
FITC-BSA (starting from 5 µg to 0.02 µg FITC-BSA mL
-1
 bidest). Sterile bidest was 
used as control. The correlation coefficient was determined by linear regression, 
relating the concentration of fluorescent FITC-BSA (y, µg mL-1) to the fluorescence 
intensity (x) using the equation; y = 0.010x - 0.2034. The correlation coefficient (R2) 
for the standard curve was 0.99. 
The percentage (w/w) of FITC-BSA entrapped per wet weight of 
microparticles was determined using equation 1 (Jeffery et al., 1993). The 
percentage of entrapment efficiency (EE) was expressed by relating the actual FITC-





FITC-BSA entrapped (%, w/w) = !"#$%&"'	)*+,-./0	1231"34&#4523
6"578"'	951&2:#&451;"$
	×	100 Eq. (1) 
 
% Entrapment efficiency (EE) = 
?@ABCDEF	GHIJKLLGM	(%,Q Q)
ASGTJGIUVKW	?@ABCDEF	GHIJKLLGM	(%,Q Q)	×	100 Eq. (2) 
 
4.2.4 Stability of alginate microparticles in sea water 
Alginate microparticles for oral delivery in sea bass larvae should not 
disintegrate or show leakage in sea water. Therefore, the stability of the FITC-BSA-
loaded alginate microparticles was tested by adding triplicate of 10 mg (w/w) 
microparticles for each concentration of FITC-BSA and for each time point into 2 mL 
filtered (Sartobran P., 0.45 µm; Sartorius Stedim, Vilvoorde, Belgium) and autoclaved 
artificial sea water (Instant Ocean; salinity of 36 g L
-1
) at 16°C followed by gentle 
agitation (80 rpm). After 1 min, 20 min, 1 h, 8 h and 18 h, samples were centrifuged 
for 5 min (3500 x g) to pellet the intact microparticles. 100 µL of supernatant was 
collected from each replicate for fluorescence spectroscopy to measure the amount 
of released FITC-BSA. The leakage of the FITC-BSA from the alginate microparticles 
was measured for no more than 18 h, as in future experiments immunostimulants 
were going to be administered for 18 h.  
Supernatant samples were analyzed using fluorescence spectroscopy at an 
excitation wavelength of 495 nm and an emission wavelength of 525 nm (Tecan 
Infinite M200) and the released amount of FITC-BSA was quantified using the 
previously described standard curve. The protein release efficiency was calculated 
according to equation 3 (Jeffery et al., 1993). Finally, alginate microparticles 
containing optimal FITC-BSA were selected for an in vivo experiment in gnotobiotic 
sea bass larvae. We used gnotobiotic sea bass larvae, as they were also going to be 
used in future immunostimulation experiments. 
 
% Released FITC-BSA = 
!"#$%&"'	)*+,-./0	1231"34&#4523
X34&#::"'	)*+,-./0
	×	100  Eq. (3) 
 
4.2.5 Ingestion of microparticles by gnotobiotic sea bass larvae 
 Naturally spawned European sea bass (D. labrax) eggs were obtained from 
Écloserie Marine (Gravelines, France). Disinfection of sea bass eggs, hatching and 
tests for axenity were done as described by Dierckens et al. (2009) and were 
previously explained in Chapter 3. After disinfection, 600 eggs were reared in 400 mL 
filtered, autoclaved artificial sea water at a salinity of 36 g L
-1





 rifampicin and 10 mg L
-1
 ampicillin into the water. The incubation bottles were 
gently aerated and were kept for 3 days in a temperature controlled room (16°C ± 
1°C) with dim blue light (100 lux). At DAH6, 14 triplicates of 12 larvae were stocked 
in sterile transparent screw capped vials filled with 9 mL filtered, autoclaved artificial 
sea water which contained rifampicin (10 mg L
-1
). Further treatments or experiments 
were always performed in autoclaved artificial sea water with rifampicin (10 mg L
-1
). 
Subsequently, all vials were placed on a rotor (4 rpm) with an axis tangential to the 
axis of the vials to ensure aeration and to avoid sedimentation. Axenity was tested by 
adding 30 eggs and 1 mL of culture medium from each incubation bottle to 9 mL of 
sterile marine broth (Carl Roth GmbH Co., Karlsruhe, Germany) followed by 
incubation at 28°C for 96 h. Incubation bottles that were positive for growth of 
bacteria were not included in the experiment. During the whole experiment, larvae 
were kept under the same conditions (temperature and salinity) as during hatching. 
At DAH7, seven triplicates of 12 larvae received 1 mL filtered, autoclaved artificial 
sea water containing 10
6
 FITC-BSA-loaded alginate microparticles (prepared 
according to FEC 6) and the larvae were allowed to feed for 18 h. The remaining 
seven triplicates of 12 larvae received 1 mL of filtered, autoclaved artificial sea water 
with unloaded alginate microparticles and served as controls. After 18 h, larvae in all 
vials were gently rinsed with filtered, autoclaved artificial sea water and placed in 
fresh filtered, autoclaved artificial sea water without alginate microparticles. The 
presence of FITC-BSA-loaded microparticles in the gut of controls and treated larvae 
was scored after 10 and 30 min of treatment and at 1, 2, 4, 12, 24, 48 and 72 h. 
 All collected larvae were anaesthetized with 10 mL of 0.1% benzocaine and 
gently rinsed three times with filtered, autoclaved sea water. Next, larvae were fixed 
with 4% paraformaldehyde in phosphate-buffered saline solution (PBS; Sigma-
Aldrich) and immediately mounted onto a glass slide with fluorescent mounting 
solution (1,4-Diazo-bicycle-[2,2,2]-octane; DABCO; Sigma-Aldrich) in PBS with 90% 
glycerol (pH 8.6). Observation of alginate microparticle uptake by gnotobiotic sea 
bass larvae was performed by epifluorescene microscopy (40x; Leica DM2500 P; 
Leica Microsystem). Images were recorded in the green (488 nm excitation; 515 nm 
emission) and red (530 nm excitation; 590 nm emission) channel. Alginate 
microparticle ingestion by sea bass larvae was determined by scoring the larvae with 
the presence of ingested fluorescent microparticles as one, and without the presence 
of ingested fluorescent microparticles as zero. This experiment was carried out in 
accordance with the recommendations of the European Union Ethical Guidelines for 




4.2.6 Statistical analysis 
Statistical analysis was conducted using IBM SPSS Statistics for Windows 
(Version 22.0; IBM Corp., Armonk. NY). Data used for parametric analysis of 
variance (ANOVA) were tested for homogeneity of variance (f-test, p<0.05). Two-way 
ANOVA between groups and T-test were used to compare the effect of two 
independent variables on the size of alginate microparticles, which were; 1) alginate 
viscosities of 1 and 2%, and 2) alginate concentrations of 1, 2 and 4%. These two 
formulations were prepared at two different speeds, high and low. Next, one-way 
ANOVA between groups was used to compare; 1) protein entrapment and 
encapsulation efficiencies, 2) percentage of microparticle uptake by fish larvae. 
ANOVA tests were followed by post-hoc comparisons using Tukey HSD-test. Finally, 
independent sample T-test was used to compare the survival percentage between 
control and treatment group, and antigen release efficiency between treatments. All 
data represented as mean value ± standard deviation (SD). 
 
4.3 Results 
4.3.1 Effect of different formulations on the morphology and size distribution 
of alginate microparticles 
The effect of various formulations and experimental conditions (FEC 1 to 12) 
such as alginate viscosity, alginate concentration and homogenizing speed was 
investigated. All formulations and experimental conditions used, resulted in the 
production of spherically shaped alginate microparticles (Figure 4–1). Aggregates 
were not observed. Most experimental conditions (FEC 1 to 4, FEC 7 to 10 and FEC 
12) resulted in the creation of microparticles with a median diameter smaller than 25 
µm. At DAH7, sea bass larvae positively selected microparticles with a median 
diameter larger than 25 µm. Only 3 methods resulted in the creation of such alginate 
microparticles, namely FEC 5, FEC 6 and FEC 11. By using these 3 methods, we 
were able to produce alginate microparticles with a median diameter ± SD of 125.67 
± 52.87 µm, 83.19 ± 4.73 µm and 70.07 ± 77.31 µm, respectively (Figure 4–2). 
Regarding the median diameter and the size distribution of the microparticles, 
method FEC 6 was superior to FEC 5 or 11. The size of the microparticles prepared 
by FEC 6 was significantly more homogenous (Figure 4–3) and the median diameter 
of the microparticles was large enough to be noticed as prey and small enough to be 
ingested by the fish larvae at DAH7. Some of the particles prepared by FEC 5 would 
be too large (diameter > 100 µm) to be ingested by the fish larvae at DAH7 and 
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some of the particles prepared by FEC 11 would be too small (diameter < 25 µm) to 
be noticed as prey. 
Consequently, FEC 6, using a concentration of 4% alginate, an alginate 




Figure 4–1 Example of the morphology of alginate microparticles. Microparticles prepared 








Figure 4–2 Mean diameter of the microparticles as function of the formulations and 
experimental conditions (FEC) used. Microparticles were prepared at (A) a high 
homogenizing speed (16000 rpm) and at a (B) low homogenizing speed (11000 rpm) using 
alginate of medium (2%) or low (1%) viscosity, each time with 3 different alginate 
concentrations (1, 2 and 4%). Vertical bars represent standard deviations (n=3) and letters 
indicate, in this case, the absence of significant differences between: (A) FEC 2 and 8, FEC 4 
and 10, FEC 6 and 12 and between: (B) FEC 1 and 7, FEC 3 and 9, FEC 5 and 11. An 




Figure 4–3 Size distribution of alginate microparticles prepared with an alginate concentration 
of 4% (w/w). Alginate microparticles prepared by FEC 6 were optimal in size and size 
distribution for administering to sea bass larvae at DAH7. 
 
4.3.2 Antigen entrapment and encapsulation efficiency 
In this experiment, we determined the encapsulation efficiency and the 
entrapped amount of antigen obtained for microparticles prepared according to FEC 
6. Two FITC-BSA concentrations were used for the encapsulation experiment, 
namely 50 µg mL
-1
 (0.125%; w/w) and 500 µg mL
-1
 (1.25%; w/w).  
Augmenting the amount of FITC-BSA from 50 µg mL
-1
 to 500 µg mL
-1
 
significantly increased the percentage of entrapped FITC-BSA from 0.03 ± 0.00 to 
0.13 ± 0.08% (Figure 4–4). However, the antigen encapsulation efficiency declined 
significantly from 23.80 ± 3.23% to 10.57 ± 6.73%, when raising the amount of FITC-
BSA from 50 µg mL
-1







Figure 4–4 Percentage of FITC-BSA entrapped in alginate microparticles and FITC-BSA 
encapsulation efficiency. Alginate microparticles were prepared using FEC 6. Vertical bars 
represent the standard deviations (n=3). Letters indicate a significant increase (p<0.05) for 
the amount of entrapped FITC-BSA when augmenting the FITC-BSA concentration ten-fold 
and asterisk indicates significant declined (p<0.05) for the encapsulation efficiency when 
raising the amount of FITC-BSA 50 µg mL
-1




4.3.3 Stability of the alginate microparticles in sea water 
In this experiment, we first prepared alginate microparticles according to FEC 
6. Subsequently, we investigated whether these alginate microparticles disintegrated 
or showed leakage (antigen release efficiency > zero) in sea water at a salinity of 36 
g L
-1
, when loading them with different amounts of antigen. 
Disintegration was never observed. However, leakage or diffusion of FITC-
BSA through the pores of the polymer network did occur, especially when using an 
antigen concentration of 50 µg mL
-1
 compared to 500 µg mL
-1
.  
 The antigen release efficiency was always (except for 8 h) significantly higher 
when using 50 µg mL
-1
 instead of 500 µg mL
-1
 and antigen release occurred 
immediately (1 min) after adding the microparticles to the sea water. At that time, the 
antigen release efficiency was 18.82 ± 7.70%. Afterwards, the antigen release 
efficiency was significantly the same for all time points, except for 8 h, when the 
antigen release efficiency was 3.91 ± 4.12%. 
 No (at 8 h and 18 h) or minimal leakage (antigen release efficiency of 1.72 ± 
0.79% at 20 min; 1.64 ± 0.48% at 8 h and 0.47 ± 0.41% at 18 h) occurred when 
using 500 µg FITC-BSA mL
-1
 and the antigen release efficiency was statistically the 
same for all time points (Figure 4–5). 
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We decided to use 500 µg FITC-BSA mL
-1 
for further testing as the antigen 
release efficiency was extremely low during 18 h, the period that we normally use for 
immunostimulation or infection in our gnotobiotic sea bass larvae model. 
 
 
Figure 4–5 Antigen (FITC-BSA) release efficiency (%) depending on the FITC-BSA 
concentration used for encapsulation. Vertical bars represent standard deviations (n=3). 
Letters indicate significant differences in antigen release efficiency over time when using 50 
µg FITC-BSA mL
-1
. An asterisk (*) indicates a significant difference in antigen release 




4.3.4 Ingestion of alginate microparticles by sea bass larvae 
At DAH7, gnotobiotic European sea bass larvae received FITC-BSA alginate 
microparticles prepared according to FEC 6 and the alginate microparticles were 
loaded with 500 µg FITC-BSA mL
-1
. Larvae were monitored for the next 72 h. Adding 
alginate microparticles to the aquatic environment of fish larvae and subsequent 
ingestion of alginate microparticles had no influence on the behavior and mortality of 
young gnotobiotic sea bass larvae. Mortality in the controls and the larvae which 
received alginate microparticles was always statistically the same during the whole 
experiment.  
 From 10 min onwards, fluorescent microparticles were clearly observed in the 
gut of the animals (Figure 4–7). A mean of 29 ± 28%, 71 ± 13% and 60 ± 13% of the 
larvae had ingested microparticles at 10 min, 30 min and 1 h, respectively. The mean 
percentage of larvae that had ingested FITC-BSA, significantly increased at 2 h as 
compared to the earlier time points. The mean percentage of larvae that had 
ingested FITC-BSA-loaded microparticles reached 100 ± 0% at 48 h and was still 






Figure 4–6 (A) Uptake of FITC-BSA-loaded alginate microparticles by gnotobiotic European 
sea bass larvae during 72 h and (B) impact of feeding alginate microparticles on survival of 
sea bass larvae. Vertical bars represent standard deviations (n=7) and letters indicate a 
significant (p<0.05) difference for the mean number of larvae (%) that had ingested 






Figure 4–7 Epifluorescence microscopy photograph showing FITC-BSA in the gut of sea 
bass larvae at DAH7. Larvae received FITC-BSA-loaded microparticles prepared according to 
FEC 6 (40x). (A) A small amount of fluorescent microparticles [arrow] was observed in the 
foregut [FG] 10 min after adding the microparticles to the sea water, proving that the alginate 
microparticles were indeed ingested by the larvae. The presence of yolk material [Y] can still 
be observed. (B) Photograph of a larva at 48 h post feeding. At that time, 100% of the larvae 
showed an accumulation of fluorescent microparticles along the midgut [MG]. Microparticles 




4.4.1 Effect of different formulations on the morphology and size distribution 
of alginate microparticles 
The production of marine fish is still hampered by the high mortality rate in the 
first few weeks after hatching (Vadstein et al., 2013). Mortality in larvae is often 
caused by bacterial and/or viral infections. Consequently, the implementation of a 
sustainable industrialized aquaculture industry depends on the development of 
innovative anti-microbial compounds and/or novel immunostimulants as well as on 
the development of new delivery methods that allow controlled mass application in 
aquaculture. In our study, we focused on the development of micro-sized alginate 
particles for future immunostimulant delivery in European sea bass larvae. Alginate 
microparticles would allow controlled delivery of the immunostimulant and therefore 
improve targetting and stimulation of the immune system.  
Alginate microparticles were prepared by emulsification, a method which has 
already been used successfully for oral vaccine delivery in fish (Joosten et al., 1997; 
Polk et al., 1994; Rodrigues et al., 2006; Romalde et al., 2004). It is one of the fastest 
methods for microparticle preparation and it is readily scalable (Reis et al., 2006). It 
allowed us to make alginate microparticles in a reproducible way. However, there are 
newer methods, such as spray-drying, electrohydrodynamic atomization, impinging 
aerosols or inkjet/drying, which enable an even better control of the microparticle size 
(Sosnik, 2014).  
During our experiment, we were able to produce spherical alginate 
microparticles with a median diameter of 83.19 ± 4.73 µm, which were easily 
accepted by the fish larvae. Spherically shaped particles are desirable for optimal 
distribution of the encapsulated product. This is in line with the observations made in 
this thesis work where European sea bass larvae at DAH7, fed selectively on larger 
inert microparticles of 45 µm compared to smaller microparticles of 10 and 20 µm 
(Yaacob et al., 2016). Moreover, at DAH7 the size of the mouth opening ranges 
between 170 and 320 µm (Silva, 2007), so our microparticles could easily be 
ingested by the fish larvae. We did not try to use particles larger than 83.19 ± 4.73 
µm, although in theory they could be loaded with a higher amount of antigen, 
because feeding Asian sea bass (Lates calcarifer) at DAH3 to DAH14 with cross-
linked protein microcapsules with a size ranging from 80 to 150 µm resulted in an 
extended intestinal passage time and obstruction of the intestinal-rectal valve, 
although the latter was probably due to the fact that the fluorescent microcapsules 
were not broken down in the larval intestine (Walford et al., 1990). Thus, bio-
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distribution in vivo is influenced by the size of the particles. The same has been 
observed in mammals, studying the bio-distribution of nanoparticles (Canton and 
Battaglia, 2012; Hillaireau and Couvreur, 2009).  
Regarding the obtained shape, median size diameter and size distribution, 
FEC 6 was selected for the preparation of alginate microparticles for further testing. 
In this study, the mean particle diameter was not significantly influenced by the 
viscosity or the homogenization speed, when using an alginate concentration of 1 or 
2%. A similar observation was reported by Suksamran et al. (2009), who tested the 
influence of low or medium viscosity alginate at alginate concentrations between 0.5 
to 3 mg mL
-1
. They also concluded that the viscosity of the alginate did not influence 
the morphology or the median diameter of the alginate microparticles, when using 
low alginate concentrations. However, when we augmented the alginate 
concentration to 4% in the presence of an identical concentration of cross-linker (700 
mM of CaCl2) as used for the lower alginate concentrations, we obtained 
microparticles with a significantly increased median diameter, regardless the 
viscosity or homogenization speed used. Similar results were obtained by Daemi and 
Barikani (2012), who prepared alginate microparticles by using 3 different alginate 
concentrations (0.03, 0.06 and 0.12%; w/v), each time in the presence of an identical 
concentration (18 mM CaCl2) of cross-linker. This can be explained by the 
emulsification process. During this process, functional groups of the alginate chains, 
especially the carboxylate groups, form complex structures with the CaCl2 cross-
linker. Augmenting the alginate concentration increases the layers of alginate chains 
that are able to link to the calcium ions. Thus, the size of the microparticles increases 
with augmenting alginate concentrations. We did not use higher alginate 
concentrations than the 4% used in FEC 6, because in general, sodium alginate 
solutions of greater concentration than 5% (w/v) are difficult to prepare (Gombotz 
and Wee, 1998). 
 
4.4.2 Antigen entrapment and encapsulation efficiency 
Microparticles were prepared by FEC 6 and subsequently used to study the 
entrapment and encapsulation efficiency of 50 and 500 µg FITC-BSA mL
-1
. These 
amounts were based on successful immunostimulation in Pacific white shrimp 
(Litopenaeus vannamei) by injecting 5.0 µg of bacterial heat shock protein per shrimp 
with mean body weight of 15.6 ± 1.3 g (B. Hu et al., 2014). The body of a sea bass 
larvae at DAH7 weighs ± 0.5 mg (Fontagné et al., 2000). Taking all together, 0.00016 
µg antigen is needed to stimulate one sea bass larvae at DAH7. The entrapped 
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amount of antigen significantly increased when augmenting the initial amount of 
FITC-BSA from 50 µg mL
-1 
to 500 µg mL
-1
. However, while doing so, the 
encapsulation efficiency decreased significantly. A similar observation was made by 
Lemoine et al. (1998), who increased the initial amount of BSA from 25 to 150 mg. 
The BSA loading increased from 2.2 ± 0.2% to 9.1 ± 0.6%, but the encapsulation 
efficiency decreased from 92.0 ± 3.6% to 61.0 ± 4.8%. Thus, based on our 
observations, 50 µg of antigen mL
-1 
would be sufficient for oral stimulation of sea 
bass larvae. However, 500 µg antigen mL
-1
 will be used in further experiments, as we 
cannot be sure that each larva will consume sufficient microparticles to stimulate 
their immune system when using only 50 µg of antigen mL
-1
 to load the 
microparticles. 
Surprisingly, the encapsulation efficiency observed in our study was rather 
low (23.8% for 50 µg FITC-BSA mL
-1
) compared to the one described by Liu et al. 
(1997), who also used FITC-BSA and found a very high encapsulation efficiency of > 
95%. However, Liu et al. (1997) prepared FITC-BSA-loaded alginate/chitosan 
microparticles (90% of their microparticles had diameters ranging from 20 to 100 µm) 
and used spray drying instead of emulsification. Both methods can be compared in 
the future as well as the use of alginate/CaCl2 versus alginate/chitosan microparticles 
as the interaction of the two biopolymers could have an influence on the 
encapsulation efficiency. 
 
4.4.3 Stability of alginate microparticle in sea water 
The alginate microparticles prepared in this study were for use in sea water 
during future immunostimulation experiments in gnotobiotic sea bass larvae. 
Therefore, we evaluated the stability of the microparticles in sea water. The higher 
the amount of initial FITC-BSA, the slower the releasing rate of FITC-BSA. A similar 
observation was reported by Suksamran et al. (2009). It has been suggested that 
slow release of a protein such as BSA from alginate microparticles occured when a 
physical entanglement increased between the loaded protein and the alginate matrix 
(Nochos et al., 2008). Proteins encapsulated in alginate microparticles are normally 
released by two mechanisms: (i) diffusion of the protein through the pores of the 
polymer network and (ii) degradation of the polymer network. Complete degradation 
of the microparticles did not occur in sea water as observed by optical microscopy 
(data not shown). However, alginate microparticles were eroded at basic pH, such as 
the pH of sea water (pH 8.4), allowing the release of antigen by diffusion. The same 
was observed by Suksamran et al. (2009), studying the release of BSA from alginate 
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microparticles as a function of the pH. Nevertheless, we observed minimal release of 
FITC-BSA into sea water, especially when using the higher antigen concentration. 
Overall, when using an alginate concentration of 4%, low viscosity alginate and 
700mM of cross-linker, the degree of gelation seemed to be sufficient to ensure good 
stability of the FITC-BSA-loaded microparticles in sea water, at least for 18 h, which 
is the antigen exposure time we intend to use in future immunostimulation 
experiments in gnotobiotic sea bass larvae. 
 
4.4.4 Ingestion of alginate microparticles by gnotobiotic sea bass larvae 
Delivery of microencapsulated immunostimulants to the fish larvae must 
comply with several criteria such as maximal availability in the water column, minimal 
loss of antigen before ingestion, microparticle uptake by the fish and the 
microparticles are digestable. Ingestion of alginate microparticles had no influence on 
the natural behavior of the fish larvae such as swimming. This is probably due to the 
fact that alginate is well known as non-toxic and it is widely used in the food industry 
including for the preparation of fish feed. Obviously, ingestion of alginate 
microparticles did not significantly increase mortality which is known to occur during 
aquaculture production (Moretti et al., 1999).  
Sea bass larvae at DAH7 successfully ingested alginate microparticles as 
soon as 10 min after adding the microparticles to the sea water. Feeding for 4 h is 
adequate to ensure the ingestion of the microparticles by at least 91 ± 14% of the 
gnotobiotic sea bass larvae and at 48 h, all larvae had ingested microparticles. So, 
perhaps in future experiments, we should immunostimulate the larvae longer than 
the period we used (18 h). However, the latter would be difficult as the gnotobiotic 
experimental conditions without feeding the larvae can only be assured for 14 days 
after hatching, as standardization of diets to allow them to survive to juvenile stage is 
still limited (Marques et al., 2004). 
Interestingly, FITC-BSA was mainly released from alginate microparticles in 
the hindgut of the sea bass larvae. Thus, ensuring local delivery at the bacterial 
replication site. The pH in the hindgut might induce erosion of the alginate 
microparticles and therefore the release of FITC-BSA. In marine fish larvae (i.e. 
Atlantic halibut, turbot and Senegal sole), pH of the hindgut is ranged between 7 to 8 




We prepared alginate microparticles loaded with the model antigen FITC-BSA. 
Optimum concentrations of alginate (4%) and CaCl2, the correct alginate viscosity 
(low viscosity) and the appropriate conditions (high homogenizing speed at 16000 
rpm) led to the creation of desirable microparticles that were stable in sea water and 
that were successfully ingested by gnotobiotic sea bass larvae without causing any 
negative effects. Our results suggest the suitability of this drug delivery system for 
targeting the innate immune system of fish larvae in order to enhance disease 
resistance and thus reduce mortality in larviculture. The use of this drug delivery 
method for combating Vibrio anguillarum infections in sea bass larvae will be applied 
in the work of Chapter 6. 
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CHAPTER 5  
Two strategies to investigate gene 
expression during different 
experimental conditions in gnotobiotic 
European sea bass (Dicentrarchus 
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In natural conditions, fish are constantly being exposed to a microbial 
community. This exposure creates an interaction between fish with their surrounding 
microbes. In this study, we created three different experimental culture conditions of 
European sea bass larvae; axenic (germ-free), xenic (uncharacterized microbial 
community) and gnotobiotic (characterized microbial community). The experiment 
was performed twice, independently. To unravel the host-microbe interactions of the 
sea bass larvae with the focus on immune-related gene expression, two different 
molecular techniques were used; 1) a reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) and 2) a transcript profiling technique with enzyme-
restriction generated cDNA tags amplified fragment-length polymorphism (cDNA-
AFLP). A striking difference was observed in the survival of the axenic larvae 
between the two experiments. Axenic larvae in the first experiment showed 100 ± 0% 
of survival at day after hatching (DAH) 4. In contrast, axenic larvae in the second 
experiment died quickly with only 52 ± 6% of survival by DAH4. The survival of xenic 
larvae, at DAH7 was also found to be different between the first (9 ± 5%) and the 
second (88 ± 7%) experiment. The effect of the experimental culture conditions on 
the expression of one pro-inflammatory cytokine (il1β), one anti-inflammatory 
cytokine (il10) and one chemokine (cxcl8) gene was investigated using RT-qPCR on 
sampled larvae from the first experiment at DAH4 and DAH7. Next, the effect of the 
experimental culture conditions on the expression of il1β, il10 and cxcl8 during both 
experiments was investigated by using cDNA-AFLP. Gene expression results using 
both techniques were compared. The RT-qPCR technique revealed a significant 
upregulation of il1β and cxcl8 in gnotobiotic and xenic larvae at DAH4, followed by an 
upregulation of il10 at DAH7 indicating an inflammatory innate immune response. 
Based on the cDNA-AFLP technique, we annotated in total 66 ESTs. These ESTs 
were found to be involved in biological processes such as energy pathways, protein 
biosynthesis, bone-, neural- and muscle development, and immune defense. Among 
these annotated ESTs, three immune related genes were discovered; IL-13R subunit 
α2 (IL-13Rα2), IFN-induced protein with tetratricopeptide repeats 1B (IFIT1B) and 
NF-κβ activating protein (NKAP). However, expression of il1β, il10 or cxcl8 was not 
detected during cDNA-AFLP. cDNA-AFLP revealed an expression of a wide range of 
genes in developing larvae with limited information on well-known immune related 
genes. In conclusion, the RT-qPCR technique was chosen for further use as a 






 In contrast to land-based animals, marine fish are living in environments that 
are rich in microorganisms (i.e. bacteria, virus, parasites, fungi and archea). Sea 
water may serve both as a transport and growth medium for microorganisms 
(Hansen and Olafsen, 1999). Hence, fish are intimately associated with 
microorganisms occurring in their environment. The interaction of microbe with fish 
larvae can be classified into external and internal interaction (Vadstein et al., 2013). 
The external interaction occurs when microorganisms in the water colonize the 
surface of the fish. Whereas, the internal interaction occurs when microorganisms 
are ingested by the fish through drinking and/or generally colonize the 
gastrointestinal tract. In order to sustain a balanced interaction with internal or 
external-associated microorganisms, the mucosal surfaces of fish play a major role 
to discriminate between pathogenic and commensal microorganisms (Gomez et al., 
2013). These mucosal surfaces are equipped with a range of sensing and effector 
molecules, belonging both to the cellular and humoral innate immunity components. 
At early post-hatching, the adaptive immunity of fish larvae is still underdeveloped. 
Several components of innate immunity i.e. agglutinin, precipitins and lysins are 
passively transferred from the mother to the offspring as well as maternal 
immunoglobulins (IgM) (Mulero et al., 2007; Swain and Nayak, 2009). This 
maternally derived IgM usually persist only for a limited time and their concentration 
is decreasing steadily until day five after hatching (Breuil et al., 1997). After the 
passively transferred maternal IgM diminished, fish larvae depend entirely on their 
innate immunity. This highlights the importance of innate immunity at the larval stage.  
 Under natural conditions, host-microbe interactions are complex. Even in a 
laboratory experiment, the composition of the microbial community between two 
independent experiments (replicates in function of time, or between replicates of the 
same experiment), and even between animals within the same tank is not 
necessarily identical (Schaeck et al., 2016; Vadstein et al., 2013). The availability of 
a gnotobiotic marine fish system may serve as a platform to study the interaction that 
occurs at the cellular and/or genomic level of the host after exposure to microbes in 
controlled conditions. Studies performed with gnotobiotic aquatic organisms are still 
scarce and mostly disperse with findings that can be mainly separated in three 
categories: (1) nutritional requirements, (2) host-microbe interactions or (3) metabolic 
functions (Marques et al., 2006). At a genomic level, investigation of host-microbe 
interaction based on the gene expression analysis has been successfully done in a 
gnotobiotic zebrafish (Rawls et al., 2004) as well as in cod (Gadus morhua) (Forberg 
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et al., 2011a, 2012). Gene expression offers a unique technology to study the effect 
of microbes at the genomic level, in order to document a wide range of host functions 
that are modulated by the microbes (Marques et al., 2006).  
 For decades, several techniques have been available to study the gene 
regulation. Some of the techniques are well established and are ranging from a less 
to a more complex technique to perform. One of the techniques is the real time 
quantitative PCR, known with the acronym RT-qPCR. RT-qPCR is a widely applied 
technique for quantification of the amount of a targeted gene present within 
subjected samples. RT-qPCR can be utilized to quantify a targeted gene in both 
relative and absolute terms. The development of RT-qPCR technology has overcome 
the disadvantages of the previous end-point qPCR by eliminating the gel 
electrophoresis step needed for detection and quantification of the targeted gene 
(VanGuilder et al., 2008). Real time-qPCR also has a large dynamic range, with high 
sensitivity and can be highly sequence-specific. Nevertheless, the RT-qPCR 
technique is limited to gene quantification rather than gene discovery. 
 The cDNA-AFLP technique falls between a medium and a complex system 
with short start-up time and moderate cost (Bensch and Åkesson, 2005). The 
technique is based on the principle that a complex starting mixture of cDNAs is 
fractionated into smaller subsets (by selective PCR-based amplification), where after, 
fragments are separated on high-resolution gels (Breyne and Zabeau, 2001). This 
technique has been used as a valuable tool to determining the genes spatial and 
temporal expression patterns, as well as elucidating the genetic networks in which 
they participate (Breyne et al., 2003). Furthermore, the cDNA-AFLP technique 
enables gene discovery or profiling without prior knowledge of the sequence 
(Vuylsteke et al., 2007). However, generating a global overview of gene expression 
using cDNA-AFLP involves a time-consuming series of PCR reactions. This is 
considered as one of the drawbacks of the cDNA-AFLP technique (Breyne and 
Zabeau, 2001).  
 In the present study, two molecular techniques: RT-qPCR and cDNA-AFLP, 
were used to investigate the differential gene expression in gnotobiotic European sea 
bass larvae exposed to different experimental conditions (axenic, xenic and 
gnotobiotic). Three known genes of the innate immunity such as pro-inflammatory 
gene (il1β), anti-inflammatory gene (il10) and chemokines (cxcl8) were subjected for 
evaluation using RT-qPCR. Additionally, genes that were differentially up- or 




5.2 Materials and methods 
5.2.1 Sea bass larvae 
 Naturally spawned European sea bass (D. labrax) eggs were pre-disinfected 
with 20 mL L
-1
 of 0.5% active iodine for 10 min and were obtained from Écloserie 
Marine (Gravelines, France). The acclimatization, hatching and the experiment was 
performed in a temperature-controlled room (16 ± 1°C) with dim blue light (100 lux) 
and sea water at a salinity of 36 g L
-1
. Upon arrival, the eggs were acclimatized in 
UV-treated sea water for 4 h in a cylindro-conical tank. Hatching and obtaining 
axenic sea bass larvae were performed according to Dierckens et al. (2009) and was 
previously described in Chapter 3. Larvae were hatched in filtered (0.45 μm; 
Sartorius, Vilvoorde, Belgium), autoclaved artificial sea water. Axenity was tested by 
incubating 30 eggs and 1 mL of culture medium from each incubation bottle to 9 mL 
of sterile marine broth (Carl Roth GmbH Co., Karlsruhe, Germany) and incubated at 
28°C for 96 h. Incubation bottles that were positive for growth of bacteria were 
excluded from the experiment. 
 
5.2.2 Experimental design 
 Two independent experiments were carried out. Each experiment consisted 
of three groups assigned as axenic, xenic and gnotobiotic larvae. Each group 
consisted of 20 replicates of 12 larvae per vial (n=20). At day one of the experiment 
(DAH0), larvae were stocked in sterile screw cap vials with 10 mL sea water 
according to the different conditions assigned for each group. Axenic larvae were 
stocked in sterile sea water (axenic treatment), natural sea water from an 
acclimatization tank (xenic treatment) and sterile sea water with addition of five 
bacteria strains (Table 5–1) at a final density of 105 cfu mL-1 (gnotobiotic treatment). 
Subsequently, vials containing larvae were placed on a rotor turning at 4 rpm with an 
axis tangential to the axis of the vials to provide aeration and to avoid sedimentation. 
Triplicate of 10 larvae (n=3) were collected at each sampling point for gene 
expression analysis, frozen in liquid nitrogen and immediately stored at -80°C till 
further analysis. The remaining larvae of each group were observed daily and the 




Table 5–1 List of bacterial strains used in gnotobiotic experimental conditions. 
Code Isolated from Identification 
LCDR 16 D. labrax* Bacillus sp. 
F1 G. morhua Pseudoalteromonas sp. 
F5 G. morhua Not identified 
M25 G. morhua Lysinibacillus sp. 
LT12 L. vannamei* Bacillus sp. 
*Bacteria were isolated from juvenile stage of the host 
 
Table 5–2 Experimental design and sampling points for the two experiments that were carried 
out in January (1
st
 experiment) and in May (2
nd
 experiment). 
Group (n=120) Treatment at stocking DAH0 
Number of larvae sampled  
(day after hatching + hour) 


























*Five bacterial strains (characterized microbial community) 
**Natural sea water from acclimatization tank (uncharacterized microbial community) 
q1








 = Samples used for cDNA-AFLP from the 1
st




5.2.3 Preparation of standard templates for RT-qPCR 
5.2.3.1 Template DNA preparation 
 Two μg of total RNA from duplicate of 10-pooled homogenized larvae (n=2) 
was reverse transcribed (RevertAid™ H Minus first strand cDNA synthesis kit; 
Thermo Scientific, Aalst, Belgium) according to the manufacturer’s instruction. 
Amplification of PCR products was performed using 2 µL of cDNA template in a total 
of 50 µL final reaction mixture containing 50 mM KCl, 20 mM Tris-HCl (pH 8.3), 2 mM 
MgCl2, 0.1% Tween 20, 200 µM of each deoxynucleoside triphosphate, 30 µM of 
each primer, and 0.1 U of SuperTaq (15 U/mL) polymerase. The samples were 
subjected to 25 cycles of amplification performed in a Biometra
®
 T-Gradient thermal 
cycler (Biometra GmbH, Göttingen, Germany). The cycling conditions were as 
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follows: initial denaturation at 95°C for 5 min followed by denaturation at 95°C for 1 
min, annealing at 57.2°C for 30 s and extension at 70°C for 1 min, with a final 
extension of 5 min at 70°C. Primers used for amplification are shown in Table 5–3. 
The PCR product was separated on 2% agarose gel and purified using Wizard
®
 SV 
Gel and PCR Clean-Up System (Promega Corporation, Wisconsin, USA) according 
to the manufacturer’s instructions. The quantity of extracted DNA was measured 
using NanoDrop 2000 spectrophotometer (NanoDrop Technologies Inc., Detroit, 
USA). 
 
Table 5–3 Reverse transcription real-time quantitative PCR (RT-qPCR) primer sequences 
with melting temperature for all genes at 57.2°C (Galindo-Villegas et al., 2013).
Gene GenBank accession 
no. Primer sequence (5'-3') (protein) 












   il10 DQ821114.1 F: CGACCAGCTCAAGAGTGATG 
(IL-10)   R: AGAGGCTGCATGGTTTCTGT 
 
5.2.3.2 Cloned plasmid DNA 
 Purified PCR product carrying each of the genes was cloned into pGEM
®
-T 
Easy vector system (Promega) according to the manufacturer’s instructions. The 
target DNA was ligated to the vector at a weight ratio of DNA to vector 1:3. 
Approximately, 15 ng of DNA was ligated to 50 ng of the plasmid vector and 
incubated overnight at 4°C. Subsequently, 20 ng of plasmid DNA (pGEM
®
-T::target 
DNA) was heat-shock transformed into E. coli DH5α™ (Invitrogen) cells according to 
Froger and Hall (2007). Next, bacteria were incubated for 1.5 h at 37°C with shaking 
(150 rpm) and 100 µL of each transformed bacteria were spread onto 
LB/Ampicillin/IPTG/X-Gal plates in duplicate. Plates were incubated overnight at 
37°C followed by the blue-white screening to identify the colonies with successfully 
inserted DNA. White coloured isolated colonies were sub-cultured into 5 mL of 
LB/Ampicillin broth for 18 h and plasmid purification was done using QIAprep Spin 
Miniprep Kit (Qiagen) according to the manufacturer’s instruction. The presence of 
Chapter 5 
 115 
inserts was confirmed by restriction enzyme analysis of plasmid mini preparations 
(Qiagen) and by PCR clone analysis using SP6 (5’-ATTTAGGTGACACTATAGAA-3’) 
and T7 (5’-TAATACGACTCACTATAGGG-3’) primers that flanked the cloning site. 
Insert sequencing was done by the dideoxynucleotide chain termination method 
(LGC Genomics, Berlin, Germany). Sequences were analyzed by BioEdit sequence 
alignment editor software version 7.0 (Ibis Biosciences, Carlsbad, CA). 
 
5.2.3.3 Gene expression analysis 
 Total RNA extraction, quantification and synthesis of the first strand cDNA 
was performed according to the protocol described in a previous section. RT-qPCR 





(Bio-Rad) as described earlier by Galindo-Villegas et al. (2013) with adaptation of the 
reaction conditions. RT-qPCR primers are listed in Table 5–3. Melt curve analysis 
was used to ensure the specificity of the primers, where a single peak indicates a 
single PCR product. RT-qPCR efficiencies for each gene were determined using 
slope analysis with a linear regression model. Serial dilutions of in-house prepared 
plasmids containing the specific DNA as insert cloned in pGEM
®
-T vector (Promega) 
and transformed in E. coli DH5a™ cells were used to generate standard curves. 
Samples were subjected to RT-qPCR using a Rotor-Gene Q (Qiagen) instrument. 





Supermix (Bio-Rad Laboratories), 300 nM of each primer pair (Table 5–3) and 5 µL 
diluted cDNA to a final volume of 20 µL. The RT-qPCR reaction conditions were as 
follows: initial denaturation at 95°C for 3 min, 40 cycles each consisting of 15 s at 
95°C, 1 min at 57.2°C and 15 s at 72°C, followed by the melting curve program 
(95°C for 1 min, 55 to 95°C in steps of 0.5°C each 10 s). Two biological replicates of 
each sample were tested in duplicate. Samples from the first experiment consisted of 
xenic and gnotobiotic larvae, both at DAH4 and DAH7. Plasmids (pGEM
®
-T) 
containing a specific insert for the tested gene were used as positive control. Non-
reverse transcribed total RNA of larvae and ddH2O were used as negative controls.  
 The RT-qPCR efficiencies for each gene ranged from 95 to 100%, which 
allowed the use of 2
-ΔΔCT
 methods for calculation of relative gene expression (fold)-
changes (Livak and Schmittgen, 2001). All RT-qPCR experiments were performed in 
compliance with the MIQE guidelines as described by Bustin et al. (2009). The 
expression of the target genes was normalized to the reference gene (ribosomal 




ΔCT = CT, target – CT, RPS18 
 
and expressed relative to the calibrator
1
 by calculating ΔΔCT 
 
ΔΔCT = ΔCT – ΔCT, calibrator 
 
The relative expression was then calculated as 
 
Relative expression (fold) = 2
-ΔΔCT 
 
5.2.4 Determination of gene expression using cDNA-AFLP technique 
5.2.4.1 RNA isolation for cDNA-AFLP 
 Triplicate of 10 pooled homogenized larvae were extracted with Total RNA 
Isolation reagent (TRI reagent
®
; Molecular Research Center, Inc., Cincinnati) 
according to Chomczynski and Sacchi (1987) and total RNA was quantified using 
NanoDrop 2000 spectrophotometer (NanoDrop Technologies Inc., Detroit, USA). 
Subsequently, RNA samples were treated with DNase I RNase-free (Thermo 
Scientific, Aalst, Belgium) according to the manufacturer’s instruction to remove 
genomic DNA contamination. Two μg of total RNA was reverse transcribed using first 
strand cDNA synthesis mix (Appendix 1) in 20 µL reaction volumes for 2 h at 42°C. 
Next, 120 µL of second strand cDNA synthesis mix (Appendix 1) was added and 
incubated for 1 h at 12°C, followed by 1 h at 22°C. Afterwards, the cDNA was purified 
using the Nucleospin Extract II kit (Macherey-Nagel, Eupen, Belgium) according to 
the manufacturer’s protocol. 
 
5.2.4.2 Preparation of PCR template 
 The template for cDNA-AFLP was prepared according to Vuylsteke et al. 
(2007). A 20 µL solution containing approximately 500 ng of cDNA was incubated 
with 20 µL of the first digestion mix (Appendix 2) for 2 h at 60°C and mixed gently. 
Next, the biotinylated 3’-terminal cDNA fragments were immobilized using 
streptavidin-coated Dynabeads. Ten µL of Dynabeads were used per sample and 
initially washed with 100 µL 2x STEX buffer (5 M NaCl, 1 M Tris-HCl pH 8, 0.5 M 
 
                                                
1
 In the first experiment, axenic larvae were used as the calibrator to calculate the relative gene expression 
of xenic larvae and gnotobiotic larvae at DAH4 and DAH7. 
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EDTA pH 8 and Triton X-100). Dynabeads were re-suspended in 40 µL 2x STEX 
buffer per sample and added to each first digested cDNA sample to a final volume of 
80 µL, followed by an incubation at room temperature for 30 min with gentle 
agitation. Next, the beads were collected using a magnet, the supernatant was 
discarded and the beads were washed four times by re-suspending in 100 µL 1x 
STEX buffer. The Dynabeads were collected using a magnet, the STEX buffer was 
discarded, and beads were re-suspended in 30 µL DNA suspension buffer (T10E0.1 
buffer: 10mM Tris-HCl and 0.1mM EDTA at pH 8). The second digestion step was 
done by adding 10 µL of the second digestion mix (Appendix 2) to the 30 µL of 
beads suspension mentioned above and incubated for 2 h at 37°C with gentle 
agitation. After incubation, the beads were collected using a magnet and supernatant 
containing template fragments were transferred to a fresh tube. Ten µL of ligation mix 
(Appendix 2) was added to the supernatant and incubated for another 3 h at 37°C. 
Finally, the reaction mixture was diluted to 100 µL with T10E0.1 buffer and kept at -
20°C till further use. 
 
5.2.4.3 cDNA-AFLP pre- and final selective amplification 
 Pre-amplification was done by adding 45 µL of pre-amplification mix 
(Appendix 3) to 50 µL of the PCR template. The PCR was performed as follows; 
denaturation at 94°C for 30 s, followed by 25 cycles of annealing at 56°C for 1 min 
and extension at 72°C for 1 min. Subsequently, the reaction products were diluted 
600-fold with T10E0.1 buffer for the final selective amplification reaction with 8 infra-red 
dye 700 (IRD700)-labelled primer combinations (BstT4-Mse11, BstT4-Mse12, BstT4-
Mse13, BstT4-Mse14, BstT4-Mse21, BstT4-Mse22, BstT4-Mse23 and BstT4-
Mse24). 15 µL of the selective amplification mix (Appendix 3) was added to 5 µL of 
diluted pre-amplification reaction mixture and the PCR cycle was done as follows; a 
hot start at 94°C for 10 min, followed by 13 cycles with denaturing at 94°C for 30 s, 
annealing at 65°C for 30 s (0.7°C reduction at each cycle, in total 13 cycles) and 
extension at 72°C for 1 min. Subsequently, another 22 cycles were done with 
denaturing at 94°C for 30 s, annealing at 56°C for 30 s and extension at 72°C for 1 
min. The selective amplification reaction product (5 µL) was separated on 5% 
polyacrylamide gel with the Sequigel system (Bio-Rad) with sodium acetate (22 mg 
L
-1
) added to the buffer in the bottom tank to avoid a run-off of the smallest 
fragments. Gels were dried on 3MM Whatman paper, exposed to Kodak BioMax MS 
film and scanned in a Phosphorimage 445 SI (GE-Bioscience). The images were 
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processed with AFLP-Quantar Pro (Keygene) for quantification of the band 
intensities based on the infra-red dye. 
 
5.2.5 Statistical analysis 
 Statistical analysis was conducted using IBM SPSS Statistics for Windows, 
Version 21.0 (IBM Corp., Armonk, NY). Data used for parametric analysis of variance 
(ANOVA) were tested for homogeneity of variance (f-test, p<0.05). Two-way ANOVA 
(p<0.05) was used to compare the sea bass survival since an independent survival 
observation was done at each time point. One-way ANOVA (p<0.05) was used to 
compare the relative gene expression (fold-changes) quantified using RT-qPCR 
technique between different treatments at each time point. The differentially 
expressed ESTs/contigs were identified based on the heatmap generated from 
cDNA-AFLP technique using two-way ANOVA (p<0.001). The ANOVA test was 
followed by a post-hoc comparison using Tukey HSD test and data for gene 
expression were log-transformed. 
 
5.3 Results 
5.3.1 The survival of sea bass larvae in experiment 1 and 2 
 In the first experiment, the survival of axenic larvae remained high with 100 ± 
0% survival from DAH0 to DAH4 (Figure 5–1) but later on, the survival decreased 
significantly from 80 ± 14% at DAH11 to only 5 ± 3% by DAH14. In contrast, xenic 
larvae instantly showed a significant decrease in survival from 100 ± 0% at DAH0 to 
60 ± 2% by DAH4, indicating that the standing uncharacterized microbial community 
had a detrimental effect in this experiment. Meanwhile, the survival of gnotobiotic 
larvae was high with a slight decrease albeit not significant from 100 ± 0% at DAH0 
to 96 ± 4% by DAH4. The survival of gnotobiotic larvae remained high with 80 ± 13% 
at DAH11. A significant decrease in survival occurred with only 12 ± 4% surviving 
larvae at DAH14. Overall, the influence of age (DAH) on the survival of the larvae 
depends significantly (p<0.05) on different experimental conditions (axenic, xenic or 
gnotobiotic). Survival of xenic larvae was always significantly lower compared to 





Figure 5–1 Survival of sea bass larvae in the first experiment. The survival of xenic larvae 
was always significantly (p<0.05) lower compared to axenic or gnotobiotic larvae, except at 
DAH0. Vertical bars represent standard error (n=10) and letters indicate a significant 
difference in survival between axenic, xenic and gnotobiotic larvae at each time point. 
  
 In the second experiment, the survival of axenic larvae showed a significant 
decrease from 100 ± 0% at DAH0 to only 52 ± 6% by DAH4 and total mortality 
occurred by DAH14 (Figure 5–2). So, in this experiment, without the presence of any 
detectable bacteria, the axenic larvae were dying fast, which is very different from the 
mortality rate in the first experiment. Xenic larvae also showed a decrease in survival 
from 100 ± 0% at DAH0 to 66 ± 13% by DAH4. At DAH11, 55 ± 12% of xenic larvae 
survived. Again, the standing uncharacterized microbial community had a detrimental 
effect in this experiment. Meanwhile, the survival of gnotobiotic larvae was high with 
only a slight decrease (not significant) from 100 ± 0% at DAH0 to 97 ± 2% by DAH4. 
The survival of gnotobiotic larvae remained high with 84 ± 6% by DAH11. The 
survival of gnotobiotic larvae was significantly higher only from DAH4 till DAH14 
(p<0.05) compared to axenic or xenic larvae. Overall, the survival of the larvae was 
significantly (p<0.05) influenced by the different experimental conditions (axenic, 









Figure 5–2 Survival of sea bass larvae in the second experiment. Vertical bars represent 
standard error (n=10) and letters indicate a significant difference in survival between axenic, 
xenic and gnotobiotic larvae at each time point. 
 
5.3.2 Sea bass larvae gene expression analysis (RT-qPCR) 
 Quantification of three immune genes, chemokine (cxcl8), pro-inflammatory 
cytokine (il1β) and anti-inflammatory (il10) was performed using RT-qPCR technique 
on samples from the first experiment. Gene expression analysis was done on xenic 
and gnotobiotic larvae from DAH4 and DAH7 to observe the effect of age and 
different experimental conditions of the larvae that performed well (using axenic 
larvae as calibrator). Xenic larvae at DAH4 showed a significantly (p<0.05) higher 
expression of cxcl8 mRNA compared to gnotobiotic larvae (Figure 5–3A). Three 
days later, at DAH7, the expression of cxcl8 in the xenic larvae was significantly 
reduced and no significant (p>0.05) difference was observed compared to 
gnotobiotic larvae. The expression of il1β mRNA was significantly (p<0.05) higher in 
both xenic and gnotobiotic larvae at DAH4. No further significant augmentation was 
observed at DAH7 (Figure 5–3B). In contrast, there was no significant difference of 
the expression of il10 mRNA (p>0.05) between both xenic and gnotobiotic larvae at 
DAH4. While at DAH7, the expression of il10 mRNA was significantly being 
augmented in both xenic and gnotobiotic larvae compared with the expression at 
DAH4 (Figure 5–3C). Taken all together, exposure to either an uncharacterized 
(xenic larvae) or characterized (gnotobiotic larvae) microbial community results in 






Figure 5–3 Gene expression analysis in sea bass larvae from the first experiment. 
Expression of mRNA level (A) chemokine, cxcl8 (B) pro-inflammatory cytokine, il1β and (C) 
anti-inflammatory cytokine, il10. Vertical bars represent standard error (n=2). Letters denote 
significant differences (p<0.05) of gene expression (fold-changes) between xenic and 
gnotobiotic larvae at each time point, and asterisks denote significant difference compared to 
axenic larvae as the calibrator. Line indicates a comparison of gene expression between 
DAH4 and DAH7. 
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5.3.3 Sea bass larvae genome-wide expressions analysis using cDNA-AFLP 
technique 
 Based on the survival of sea bass larvae in experiment 1 and 2, cDNA-AFLP 
analysis was performed on a subset of duplicate samples from DAH4 and DAH7 to 
observe: 1) the difference in gene expression of axenic sea bass larvae that were 
performing good (experiment 1) or bad (experiment 2), and 2) the effect of exposure 
to a microbial community on gene expression at different ages (DAH4 and DAH7) of 
the larvae.  
 The survival of axenic larvae in these two independent experiments was 
dissimilar. Axenic larvae showed a high and low survival, respectively, in the first 
experiment and second experiment. Thus, the difference of gene expression 
between axenic larvae that survived well (first experiment) and bad (second 
experiment) was studied, at both DAH4 and DAH7 (Figure 5–4). Initially, these 
samples were tested with 64 BSTT-MSE and followed by another 64 BSTC-MSE 
primer combinations resulting in 128 gel images. After normalization for variations, a 
total of 8448 bands were identified. A total of 31 differently expressed genes were 
observed due to interaction between treatment (axenic) and age (DAH) (p<0.001) 
and between larvae that survived well or bad. After manual curation, 114 fragments 
corresponding to differentially expressed transcript tags were excised from the gel, 
re-amplified by PCR with BSTYI+2/MSEI+0 primers, directly sequenced and 
BLASTed. These 114 sequenced fragments resulted in 43 identified ESTs 
(Appendix 4) of which 28 were annotated. Among these 28 annotated genes, genes 
involved in biological processes such as energy pathway (DLST: Dihydrolipoyllysine-
residue succinyltransferase), protein biosynthesis (MRPL43: Mitochondrial ribosomal 
protein L43), neural development (GAMMA-M2: Gamma-crystallin M2) and immune 
related genes (IL-13Rα2: IL-13R subunit α2, IFIT1B: IFN-induced protein with 
tetratricopeptide repeats 1B and NKAP: NF-κβ activating protein) were discovered. 
However, three immune-related genes (cxcl8, il1β and il10) that were found to be 






Figure 5–4 Hierarchical clustering of the ESTs compared between axenic (Ax) larvae in the 
first and second experiment. Heat map of differentially expressed ESTs/contigs of axenic 
larvae with a high survival percentage (first experiment: Jan) versus axenic larvae showing a 
lower survival percentage (second experiment: May). Red and green colours correspond to 
up- and down-regulation of gene expression in the larvae, respectively. By using the cDNA-
AFLP technique, we discovered at least three immune related genes; IL-13R subunit α2 (IL-
13Rα2), IFN-induced protein with tetratricopeptide repeats 1B (IFIT1B) and NF-κβ activating 





 A comparison of axenic versus xenic larvae and axenic versus gnotobiotic 
from the first experiment revealed that 107 fragments are differentially expressed 
(p<0.001) by interaction and 41 fragments differentially (p<0.001) by different 
experimental conditions of the larvae (axenic, xenic and gnotobiotic). The gels were 
subjected to manual curation and a selection of 64 fragments corresponding to 
differentially expressed transcript tags were excised from the gels and re-amplified 
by PCR with BSTYI+2/MSEI+0 primers, directly sequenced and BLASTed. These 
64-sequenced fragments resulted in 23 identified expressed sequence tags (ESTs) 
(Appendix 5 and 6). Comparison of sequence homologies in a public contig browser 
for European sea bass: 
(http://public-contigbrowser.sigenae.org:9090/Dicentrarchus_labrax/index.html),  
resulted in 19 ESTs/contigs annotated using the biomart data mining (Figure 5–5). 
 
 
Figure 5–5 Hierarchical clustering of the 19 annotated ESTs from axenic (Ax), xenic (Xe) and 
gnotobiotic (Mix) larvae in the first experiment (Jan). Heat map of (A) axenic (Ax) versus xenic 
(Xe) larvae and (B) axenic (Ax) versus gnotobiotic (Mix) larvae. Red and green colours 
correspond to up- and down-regulation of gene expression in the larvae, respectively. By 
comparing xenic (Xe) versus axenic (Ax) larvae both at DAH4 and DAH7, genes that were 
significantly upregulated were mostly involved in biological process such as cell motility 
(Actin-related protein 2/3 complex subunit; ARPC3 gene) or involved in energy pathway 
(Creatine kinase M-type; CKM gene). However, when comparing gnotobiotic (Mix) versus 
axenic (Ax) larvae both at DAH4 and DAH7, only one uncharacterized protein 
(SPCC663.15c) was significantly upregulated. List of genes and its respective regulated 




5.4.1 Survival of sea bass larvae in different experimental conditions 
 The high and unpredictable mortality during the first few weeks after hatching 
remains a challenging problem in raising marine fish larvae. The severity of the 
problem differs between species and is yet without a firm solution to avoid mortality 
(Vadstein et al., 2013). In this study, the survival of axenic sea bass larvae in the 
second experiment was very low. Since the experimental conditions are kept 
constant, the variability between the high survival of the larvae in the first experiment 
and low survival of axenic larvae in the second experiment could be due to other 
unforeseen factors. It is also worth to note that both experiments were run 
independently with different batches of sea bass eggs. As proposed by Vadstein et 
al. (2013), there are different factors that may cause the differences in fitness of the 
larvae. These include, the quality of the gametes, inadequate nutrition, sub-optimal 
physicochemical conditions and detrimental fish-microbe interactions. The 
differences in survival in both axenic treatments in the two experiments could be due 
to infection. Although no culturable bacteria were detected in the second experiment 
with the described method, we cannot exclude the possibility of the presence of 
viable but non-culturable bacteria or a viral contamination of the axenic larvae in the 
second experiment. Non-infectious technical issues such as a high stressful event 
could also be the reason. Nevertheless, this is highly speculative.  
 The survival of xenic larvae in the first experiment was reduced just after the 
stocking and mass mortality was observed by DAH11. This result basically equals 
the regular observation (in the lab as well as in hatcheries) that survival is negatively 
influenced by the presence of imbalance uncharacterized bacteria and confirms the 
sensitivity of sea bass larvae to microbiota (Forberg et al., 2012; Vadstein et al., 
2013). In the second experiment, these uncharacterized bacteria could partially 
mitigate the negative interactions that were seen with the axenic larvae, a result that 
was equalled by the addition of five characterized bacteria. Although the reason for 
the low survival with the axenic larvae in the second experiment remains elusive 
(could be due to difference in the quality of the eggs or perhaps the occurrence of 
opportunistic pathogens in the culture water, see above), in this case, survival could 
be increased by the microorganisms present in the seawater but especially by the 
five characterized bacteria (added in the gnotobiotic treatment). This suggests that 
the presence of certain (uncharacterized bacteria) but especially probiotic bacteria (in 
the gnotobiotic treatment) is capable of mitigating low survival. The gnotobiotic larvae 
were performing well in both experiments, suggesting that exposure to these five 
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bacteria strains is either neutral (first experiment) or beneficial (second experiment). 
This is also suggesting that manipulation of the microbial community can be 
beneficial depending on the situation (acknowledging that the reasons for the bad 
performance of axenic larvae in the second experiment are unknown). It is possible 
that the five supplemented bacteria may have stimulated their immune system in a 
balanced way leading to a higher survival percentage.  
 
5.4.2 Gene expression analysis using RT-qPCR technique (Experiment 1 and 
2) 
 The measurement of mRNA expression of cytokines is a valuable tool for 
measuring immune responses in particular the pro- and anti-inflammatory cytokines 
(El Aamri et al., 2015). It is also generally agreed that inflammatory response by the 
host is regulated through a fine balance of both humoral and cellular factors including 
the pro- and anti-inflammatory cytokines. We investigated the effect of exposure to 
uncharacterized microbial community (xenic) and five bacteria strains (gnotobiotic) in 
sea bass larvae at DAH4 and DAH7 from the first experiment using RT-qPCR. Xenic 
larvae in the first experiment showed a clear decreasing pattern of survival and we 
suggested there is a possibility of the occurrence of some opportunistic pathogen in 
the culture water. Although this could not be confirmed because we did not perform 
any bacterial isolation from the culture water. Based on the RT-qPCR results, higher 
expression of cxcl8 and il1β mRNA transcript was observed at DAH4, but there was 
no significant upregulation of il10 mRNA transcript. The expressions of cxcl8 and il1β 
mRNA transcript returns to the basal level by DAH7. The downregulation of these 
two genes (cxcl8 and il1β) is followed by the increase of il10 mRNA at DAH7. A 
similar kinetics, where a downregulation of pro-inflammatory genes (il1β, tnfα and il6) 
is followed by an upregulation of anti-inflammatory gene (il10) was described 
previously in juvenile European sea bass after infection (intraperitoneal injection) with 
Streptococcus iniae (El Aamri et al., 2015). Suggesting that the exposure of 
European sea bass larvae to characterized (gnotobiotic) and uncharacterized (xenic) 
microbial community could also produce the same pro- and anti-inflammatory gene 
responses. 
 The three selected immune-related genes, being a pro-inflammatory gene 
(il1β), an anti-inflammatory gene (il10) and a chemokine gene (cxcl8) were 
successfully detected by RT-qPCR but were not detected by cDNA-AFLP. Given the 
relatively low cost of PCR reagents, the precision, sensitivity, flexibility and scalability 
of RT-qPCR, thousands of research labs around the world have embraced it as the 
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method of choice for measuring gene transcript levels (Udvardi et al., 2008). 
However, this technique can only be used to study the kinetic response of known 
immune genes. The cDNA-AFLP technique should in principle is unbiased, allowing 
for gene expression discovery. Yet with the used depth of RNA expression analysis 
(which depends on the amount of primers combinations used in the cDNA-AFLP 
protocol), the 3 genes were not detected in this study, basically indicating that some 
bias occurred with the current cDNA-AFLP coverage. 
 
5.4.3 Gene expression analysis using cDNA-AFLP technique 
 Understanding the host-microbial interactions in reared fish is still a 
challenging topic. Due to the low survival of axenic larvae in the second experiment, 
we speculated that an undetermined intrinsic factor might play a role as the cause of 
massive mortality compared to other groups. The cDNA-AFLP was chosen as an 
unbiased approach since at the time this experiment was performed, there was 
limited sequence information available for sea bass in the GenBank and the whole 
genome sequence was not yet available.  
 We also focused on comparing the transcriptome between high survival (first 
experiment) and low survival (second experiment) of axenic larvae, both at DAH4 
and DAH7 using the cDNA-AFLP technique. The final dataset contains in total of 43 
annotated ESTs that are involved in the biological process such as energy pathways, 
protein biosynthesis, bone-, neural- and muscle development, and the immune 
defense (Figure 5–4). The annotation of ESTs that are involved in the energy 
pathways, protein biosynthesis, bone-, neural- and muscle development was similar 
with the previous studies that observed a significant upregulation of these genes 
during a conventionalized European sea bass larval development (Darias et al., 
2008). This is not unexpected given our sea bass larvae were also going through a 
developmental changes. However, a significant upregulation of immune defense 
genes was observed in our study, but not by the previous study. Surprisingly, by 
comparing only samples from experiment 1 (both at DAH4 and DAH7); (1) the axenic 
versus xenic larvae and (2) axenic versus gnotobiotic larvae, no genes related to the 
immune defense were found to be differentially regulated. From the 43 annotated 
ESTs (by comparing between high survival axenic larvae in first experiment, and low 
survival axenic larvae in the second experiment), three immune related genes were 
discovered. Namely, IL-13R subunit α2 (IL-13Rα2), IFN-induced protein with 
tetratricopeptide repeats 1B (IFIT1B) and NF-κβ activating protein (NKAP). However, 
three genes (il1β, il10 or cxcl8) that were investigated by the RT-qPCR technique 
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were not discovered by cDNA-AFLP. This highlights several drawbacks of the cDNA-
AFLP technique such as the escape of transcripts from detection and therefore 
reducing the coverage of the transcripts as reported by Weiberg et al. (2008). The 
escape of transcripts from detection happens when there are limited restriction sites 
on the generated cDNA fragments. The number of restriction sites is usually being 
influenced by the number of digestion steps used during restriction enzyme digest. In 
this experiment, we used two steps of digestion using BstYI and MseI, which is a 
standard digestion step. Previously, the use of six sequential digestion steps 
increased the detection coverage by increasing the cleaved restriction sites (Weiberg 
et al., 2008). 
 On top of that, the presence of more than one fragment for a transcript, 
causing redundancy was being observed in this study. The gene transcript such as 
gamma-crystalline M2 or CDN23 was annotated twice from the total 43 annotated 
ESTs (Appendix 4). We also observed that more than half of the sequenced 
fragments had no significant hits in the GenBank. When the good and the bad 
performing axenic larvae were compared, out of 114 fragments, only 28 genes were 
annotated. The same problem regarding redundancy of the transcripts was 
previously reported (Liu et al., 2011; Weiberg et al., 2008). Therefore, we can argue 
that the use of the cDNA-AFLP technique to measure immunological responses in 
European sea bass larvae was not suitable for our purpose at least at the point when 
this experiment was performed due to the lack of an annotated sea bass genome. 
 Some other techniques that have also been used in gene expression study 
are: differential display reverse transcription-polymerase chain reaction (DDRT-
PCR), representational difference analysis (RDA), serial analysis of gene expression 
(SAGE), suppression subtractive hybridisation (SSH) and cDNA microarray that can 
provide effective approaches for transcription analysis (Breyne and Zabeau, 2001). 
Nonetheless, depending on the experiment purposes, the choice of the technique 
should always be evaluated carefully. Recently, the development of the next 
generation sequencing technology such as the RNA-Sequencing (RNA-Seq) 
provides a new option in characterization and quantification of transcriptome. 
Knowledge of the transcriptome (the complete set of transcripts in a cell and their 
quantity, for a specific developmental stage or physiological condition) is essential for 
interpreting the functional elements of the genome and revealing the molecular 
constituents of cells and tissues for understanding both development and disease 
state (Wang et al., 2010). RNA-Seq technique offers numerous advantages over the 
gene expression array. These advantages include no prior reference sequencing is 
needed and it can be applied to any species. Therefore, this technique can capture 
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both known and novel transcripts and perhaps could be a choice of technique in 
future studies. Interpretation of the data from RNA-Seq technique of course is still 




 In this study, gene expression response in gnotobiotic European sea bass 
was investigated using RT-qPCR and cDNA-AFLP, supposedly as a biased and 
unbiased technique, respectively. By choosing the biased technique such as RT-
qPCR, only selected and characterized genes are investigated. Observation of 
unknown host responses cannot be identified if it is not subjected to our selection. 
However, by choosing an unbiased cDNA-AFLP approach, several drawbacks of the 
technique such as the escape of transcripts from detection and therefore reducing 
the coverage of the transcripts, resulted in limited information on well-known 
immunological genes of host response such as il1β, il10 or cxcl8. In our experiments, 
il1β, il10 and cxcl8 expression were also not discovered by cDNA-AFLP. Based on 
the results obtained in this chapter, we selected RT-qPCR over cDNA-AFLP for 
studying the expression of immune-related genes during further experiments in 
European sea bass larvae. RT-qPCR represents a technique with high specificity, 
high sensitivity and low complexity and it can be easily used to study host-microbial 
interactions in European sea bass larvae. In conclusion, RT-qPCR will be further 
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 V. anguillarum causes high mortality in European sea bass (Dicentrarchus 
labrax) larviculture. We studied the effect of a V. anguillarum infection on the 
transcription of immune-related genes in gnotobiotic European sea bass larvae and 
produced recombinant sea bass ferritin-H in eukaryotic cells in order to evaluate 
whether ferritin-H, encapsulated in calcium alginate microparticles and orally 
delivered to sea bass larvae at seven days after hatching, could stimulate the innate 
immune system resulting in protection against V. anguillarum challenge. We also 
produced the recombinant bacterial heat shock protein DnaK in prokaryotic cells and 
evaluated whether DnaK, encapsulated in calcium alginate microparticles and orally 
delivered to sea bass larvae at seven days after hatching, could stimulate the innate 
immune system resulting in protection against V. anguillarum challenge. 
 Results of part 6A showed the following: V. anguillarum (bath infection) 
caused an acute infection, resulting in high mortality. The infection significantly 
upregulated the expression of tlr3, tlr5, cas1, il1β, tnfα, mif, il10, cc1, cxcl8 at 18, 24 
and 36 h p.i., but not of the chemokine receptor genes cxcr4 and ccr9. There was no 
protective effect of ferritin-H. Remarkably, ferritin-H given prior to the experimental 
infection caused significantly higher transcript levels for cxcr4 and ccr9. Sea bass 
ferritin-H was more likely involved in immune-suppression as in humans, instead of 
immunostimulation and protection as described for crustaceans. Results point in the 
direction of a negative regulation of CXCR4 resulting in inhibition of cell proliferation, 
differentiation and migration (chemotaxis) which is detrimental to innate immunity 
and might explain the non-protective effect of ferritin-H in fish larvae. 
 Results of part 6B showed the following: gnotobiotic European sea bass 
larvae receiving recombinant DnaK were not significantly protected against a V. 
anguillarum infection. Perhaps this could be explained by the finding that 
administration of DnaK prior to a vibrio infection induced a significant upregulation of 
only few immune-related genes (cas1, tnfα, cc1, cxcl8, cxcr4; out of 11 genes 
subjected to investigation) as compared to the untreated infected controls. Moreover, 






 Aquaculture is a major production method for European sea bass 
(Dicentrarchus labrax) (European Commission, 2012). However, the production of 
high quality fish is still being hampered by a high mortality at the larval and juvenile 
stage of the fish due to infection. Vibriosis is one of the bottlenecks. It is a deadly 
septicaemic disease caused by Gram-negative bacteria from the genus Vibrio such 
as V. anguillarum, V. alginolyticus, V. vulnificus biotype 2, V. harveyi and V. ordalii. 
European sea bass is one of the most affected species with the highest incidence of 
especially V. anguillarum infections, in Turkey and Greece (Sitjà-Bobadilla et al., 
2014).  
 In sea bass, V. anguillarum tries to evade the innate immune response of 
professional macrophages through the inhibition of the respiratory burst and the 
downregulation of apoptic caspases (Sepulcre et al., 2007). Also, many vibrio strains 
have siderophore-dependent and/or siderophore-independent iron-acquisition 
systems (reviewed in Frans et al. 2011; Naka et al. 2011), allowing them to use iron 
for growth even in the presence of the iron binding, innate immunity related fish 
proteins like transferrin and ferritin. The existing immune evading mechanisms in 
Vibrio spp. stress the need for prophylaxis of vibriosis in aquaculture. 
 The fish immune system is crucial for protection against infectious diseases. 
It involves the thymus, head kidney, spleen and mucosa-associated lymphoid 
tissues, such as gills and intestinal tissues. Romano et al. (2011) studied T cell 
receptor (TCR) ß chain gene transcription as well as TCRß
+
 cell distribution in sea 
bass. TCRß
+
 positive cells were not detected in larvae. However, TCRß
+
 positive 
cells were first discovered in the thymus of juveniles, at day 36 post-fertilization 
(DPF). In sea bass, mature B cells which actively produce IgM, which in fish are 
considered to have a systemic activity, are absent in the larvae and are detected only 
from 50 days after hatching onward. IgT is attributed a mucosal role like mammalian 
IgA, although its role in the immune response may not be restricted to the mucosal 
tissues (Piazzon et al., 2016). As far as we know, mature B cells producing IgT are 
also absent in fish larvae. However, Cordero et al. (2016) detected the expression of 
ight gene transcript, which encodes for IgT, in European sea bass eggs and in larvae 
until 31 DPF. Nevertheless, maternally-derived immune factors and innate immune 
defense mechanism are important for surviving a V. anguillarum infection as antigen-
specific adaptive immune mechanisms are not yet functional in sea bass larvae.  
 Maternally-derived immune factors transferred from mother to offspring via 




lysozyme, C3, factor B (key component of the alternative complement activation 
pathway), phosvitin and lipovetellin (reviewed by Magnadóttir, 2006; Mulero et al., 
2007; Swain and Nayak, 2009; Zhang et al., 2013). Phosvitin is an effector molecule 
capable of killing bacteria directly while lipovetellin is an opsonin capable of 
enhancing macrophage phagocytosis (Zhang et al., 2013).  
 The efficiency of maternally-derived innate immune factors for preventing 
vibriosis in fish larvae is largely unknown. However, we do have knowledge on the 
prophylactic effect of maternal IgM. Transfer of maternal IgM from red sea bream 
(Pagellus bogaraveo) fish immunized against Vibrio sp. did not protect the larvae 
(Tanaka et al., 1999). In addition, in hatching sea bass (D. labrax) larvae, the 
maternal IgM level reduced by about 100-fold from that observed in the ovarian 
stages and by 5 days after hatching, maternal IgM was no longer detected in the 
larvae (Breuil et al., 1997; Picchietti et al., 2004). Therefore, prophylaxis of infectious 
diseases in fish larvae focuses currently on the stimulation of the innate immune 
system by adding immunostimulants to the diet.  
 In fish larvae, the innate immune system (reviewed by Vadstein et al., 2013; 
Buchmann, 2014) consists of: 1) a skin and intestinal mucus layer as barrier against 
pathogens, 2) professional phagocytes such as monocytes/macrophages, 
neutrophils, 3) auxiliary cells such as mast cells and rodlet cells, 4) non-specific 
cytotoxic cells (NCCs and NK-like cells) and various innate immune sensors and 
effectors. NCCs are characterized by the presence of the NCC receptor protein-1 
marker (NCCRP-1), but this NCCRP-1 is absent in NK-like cells (Chaves-Pozo et al., 
2012). The expression of nccrp-1 was detected in eggs and larval stages of 
European sea bass (Cordero et al., 2016). However, it is unknown if functional NCCs 
are present in larvae. Innate immune sensing in fish larvae is established by pattern 
recognition receptors (PRRs) such as Toll-like receptors (TLRs), C-type lectin 
receptors (CLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs) and AIM-
2-like receptors (ALRs) (Chistiakov et al., 2007; Vadstein et al., 2013), C3b, 
pentraxins and mannose binding lectin. Innate immune effectors in larvae also 
comprise of cytokines including interferons, antimicrobial peptides, lysozyme, the 
complement system, bactericidal/permeability-increasing protein (BPI), acute phase 
reactants such as transferrin and ferritin, proteases, lipases, cell adhesion molecules, 
reactive oxygen species like O2
-
 and H2O2 and nitrogen intermediates.  
 Ferritin is known as the principle iron storage and iron detoxification protein. 
Administering ferritin to giant tiger prawns (Penaeus monodon), significantly 
enhanced innate immunity and protected prawns against challenge with Vibrio 
harveyi or white spot syndrome virus (Maiti et al., 2010; Ruan et al., 2010). While 
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heat shock proteins are constitutively expressed during normal growth in both 
prokaryotes and eukaryotes, and can be found abundantly. Heat shock proteins 
stimulated the immune response in brine shrimp (Artemia franciscana), Pacific white 
shrimp (Litopenaeus vannamei) and Southern platyfish (Xiphophorus maculatus) and 
protected them against bacterial infections (Asea et al., 2002; Vabulas et al., 2002; 
Baruah et al., 2010; Hu et al., 2014; Ryckaert et al., 2010; Sung et al., 2009).  
 This chapter is divided into two parts, 6A and 6B. The objectives of part 6A 
were: 1) to study the effect of a V. anguillarum infection on the transcription of 
immune-related genes in gnotobiotic European sea bass larvae, 2) to produce 
recombinant sea bass ferritin-H in eukaryotic cells and 3) to evaluate whether ferritin-
H could stimulate the innate immune system of gnotobiotic European sea bass 
larvae resulting in protection against a V. anguillarum challenge. While, the 
objectives of part 6B were: 1) to produce recombinant bacterial heat shock protein 
(DnaK) in prokaryotic cells and 2) to evaluate whether recombinant DnaK could 
stimulate the innate immune system of gnotobiotic European sea bass larvae 
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6.2 Objectives of part 6A 
 The objectives of part 6A were: 1) to study the effect of a V. anguillarum 
infection on the transcription of immune-related genes in gnotobiotic European sea 
bass larvae, 2) to produce recombinant sea bass ferritin-H in eukaryotic cells and 3) 
to evaluate whether ferritin-H could stimulate the innate immune system of 
gnotobiotic European sea bass larvae resulting in protection against V. anguillarum 
challenge. 
 
6.3 Materials and methods 
6.3.1 Cloning of the Dlfer gene 
 The sea bass ferritin-H subunit gene (Dlfer) (GenBank accession no. 
FJ197145) was custom synthesized (GenScript) and cloned into the EcoRV site of 
pUC57 (Life Technologies), where after sequenced for verification. Neves et al. 
(2009) first identified sea bass ferritin and described a potential N-glycosylation site 
(Asn-Gln-ser-Leu) found in most ferritins at residual positions 108-111. We therefore 
sub-cloned Dlfer into the eukaryotic expression vector pcDNA4/V5-His B (Life 
Technologies) using dephosphorylated Hind III and XhoI restriction sites. The vector 
pcDNA4/V5-His B is a 5.0 kb mammalian expression vector containing a strong 
promoter (CMV) for high-level expression in mammalian cells, a choice of selection 
marker (Zeocin resistance gene) for generating stable cell lines, a C-terminal tag 
encoding the V5 epitope and a polyhistidine metal-binding peptide allowing rapid 
purification on nickel-chelating resin (Figure 6A–1). Subsequently, 20 ng of plasmid 
DNA (pcDNA4::ferritin-H) was used to transform E. coli DH5a™ cells (Invitrogen, 
Aalst, Belgium) by use of the heat-shock method (Froger and Hall, 2007). Clones 
were selected on ampicillin containing medium and subsequently grown in microtiter 
plates. The presence of inserts was confirmed by restriction enzyme analysis of 
plasmid mini preparations (Qiagen
®
, Venlo, The Netherlands) and by PCR clone 
analysis using T7 5’ (5’-TAATACGACTCACTATAGGG-3’) and BGH 3’ (5’-
TAGAAGGCACAGTCGAGG-3’) priming sites, which flanked the cloning site. PCR 
clone analysis was performed in microtiter plates using the Biometra
®
 Thermal Cycler 
(Biometra GmbH, Göttingen, Germany). First, 5 mL of each clone was subjected to 
PCR in a 50 µL final reaction mixture containing 50 mM KCl, 20 mM Tris-HCl (pH 
8.3), 2 mM MgCl2, 0.1% Tween 20, 200 µM of each deoxynucleoside triphosphate, 
20 µM of each primer, and 0.1 U of SuperTaq (15 U/mL) polymerase. Samples were 
subjected to 25 cycles of amplification. The cycling conditions were 95°C for 30 s 
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followed by 55°C for 1 min and 72°C for 2 min. Insert sequencing was done by the 
dideoxynucleotide chain termination method using pcDNA4 T7 and BGH priming 
sites (LGC Genomics, Berlin, Germany). 
 
 
Figure 6A–1 Vector map of the eukaryotic expression vector pcDNA4/V5-His B. 
 
6.3.2 Production of recombinant ferritin-H in COS-7 cells 
 The plasmid pcDNA4::ferritin-H was grown in E. coli DH5α™ (Invitrogen) cells 
and purified using the Plasmid Giga Kit (Qiagen
®
) following the manufacturer’s 
protocol. The quality and concentration of the purified plasmid was verified by 
NanoDrop 2000 spectrophotometry (NanoDrop Technologies Inc., Detroit, USA). 
COS-7 cells (kindly provided by R. Contreras, Laboratory for Molecular Biology, 
Ghent University, Belgium) were cultured in Dulbecco’s modified Eagle’s medium 
(Life Technologies) supplemented with 3.7 g of sodium bicarbonate/liter, 1 mM L-
glutamine, and 10% fetal calf serum (Life Technologies). Transfection of COS-7 cells 
(confluent monolayers in 16 tissue culture flasks of 125 cm
2
) was performed using 
the DEAE dextran method (Lawson et al., 2001). Cells transfected with the empty 
plasmid served as negative control. The expression of recombinant ferritin-H was 
monitored at 24, 48 and 72 h post transfection using an FITC labelled anti-V5 
antibody (CX31 fluorescence microscope; 600 x, Nikon Eclipse TE2000-E; Nikon, 
Brussels, Belgium). 
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6.3.3 Purification and analysis of recombinant ferritin-H 
 Purification of His-labelled recombinant ferritin-H was done using the nickel-
nitrilotriacetic acid (Ni-NTA) ProBond
™
 purification kit (Life Technologies) according 
to the manufacturer’s protocol. Eluted recombinant ferritin-H was concentrated using 
an Amicon
®
 Ultra Centrifugal Filter, Ultracel
®
 3K (Merck Millipore Ltd., Cork, Ireland) 
and dialysed overnight (4°C) against 10 mM Tris with 0.1% Triton-X 100 (pH 8). 
Next, the recombinant ferritin-H concentration was determined (Pierce
™
 BCA protein 
assay kit; Life Technologies). Purified recombinant ferritin-H was examined by SDS-
PAGE (Laemmli, 1970) and Western blotting (Bio-Rad Laboratories) using an FITC-
labelled mouse monoclonal antibody against the His-tag (Life Technologies) or an 
FITC-labelled mouse monoclonal antibody against the V5-epitope (Life 
Technologies). Polyvinylidene difluoride (PVDF) membranes were washed and 
analyzed with the ChemiDoc
™
 MP imaging system (Bio-Rad Laboratories). 
 
6.3.4 Microparticles preparation and antigen encapsulation 
 Recombinant ferritin-H was encapsulated in calcium alginate microparticles. 
Previously, we established the emulsification procedure for preparing calcium 
alginate microparticles with a median size of 84 ± 4.7 µm for oral administration to 
gnotobiotic European sea bass larvae at day after hatching 7 (Yaacob et al., 
accepted). Briefly, 4 batches of ferritin-H loaded and unloaded control microparticles 
were manufactured. Each batch had a wet weight of 200 mg. Three mL of an 
aqueous sodium alginate solution prepared by using low viscosity alginate (A2158; 
Sigma-Aldrich, Diegem, Belgium), was dispersed in 12 mL iso-octane (Sigma-
Aldrich) solution containing two lipophilic surfactants, 0.05% (v/v) Span-80 (Fagron, 
Weregem, Belgium) and 0.02% (v/v) Tween-80 (Fagron). The solution was stirred 
with a magnetic stirrer for 3 min. Next, 1500 µg (500 µg per mL sodium alginate 
solution) recombinant ferritin-H was added to the aqueous sodium alginate solution. 
The emulsion was homogenized for 2 min using a Turrax homogenizer (Bodart & 
Co., Antwerp, Belgium) followed by addition of 3 mL of a calcium chloride solution at 
a constant concentration (700 mM; Sigma-Aldrich) and stirred for another 2 min. 
Next, 15 mL of isopropyl alcohol (Fagron) was used to further harden the formed 
microparticles. The microparticles were collected by centrifugation (300 x g) for 3 
min, washed three times with sterile deionized water and immediately used. The 
encapsulation efficiency for ferritin-H was calculated as previously described (Jeffery 
et al., 1993) and was found to be 20%. Thus, each batch (200 mg) of microparticles 
contained 300 µg of ferritin-H or 1.5 µg ferritin-H per mg microparticles. 
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6.3.5 Gnotobiotic sea bass larvae 
 Naturally spawned and pre-disinfected (20 mL L
-1
 0.5% active iodine for 10 
min) European sea bass eggs were obtained from Écloserie Marine (Gravelines, 
France). Upon arrival, the eggs were acclimatized in UV-treated sea water for 4 h in 
a cylindro-conical tank and disinfection of the sea bass eggs to obtain gnotobiotic 
sea bass larvae was performed according to Dierckens et al. (2009) (described in 
Chapter 3). After disinfection, 600 eggs were incubated in 400 mL of filtered (0.45 
μm; Sartorius, Vilvoorde, Belgium), autoclaved artificial sea water (Instant Ocean, 
United Pet Group, Virginia, US), at the salinity of 36 g L
-1
, temperature of 16 ± 1°C 
and the incubation bottles were gently aerated. A rifampicin and ampicillin solution 
was added together in the filtered, autoclaved artificial sea water at a final 
concentration of 10 mg L
-1
. Axenity testing was done by incubating 30 eggs and 1 mL 
of culture medium from each incubation bottle in 9 mL sterile marine broth (Carl Roth 
GmbH Co., Karlsruhe, Germany) at 28°C for 96 h. Incubation bottles that were 
positive for bacterial growth were excluded from the experiment. Hatching, stocking 
and experiment were carried out in a temperature-controlled room (16 ± 1°C) with 
dim blue light (100 lux). 
 
6.3.6 Antigen administration and experimental infection of larvae 
 At day one of the experiment (DAH6), larvae for all groups were stocked in 
sterile screw cap vials (12 larvae per vial) with 10 mL filtered, autoclaved artificial sea 
water containing 10 mg L
−1
 rifampicin. Vials of stocked larvae were placed on a rotor 
turning at 4 rpm with an axis tangential to the axis of the vials to provide aeration and 
avoid sedimentation. Larvae were divided into five identical groups and each group 
consisted out of 10 biological replicates of 12 gnotobiotic sea bass larvae (n=10 
larvae per group) (Table 6A−1). 
 At DAH7, larvae (mean body weight of 0.5 mg) of groups Ahigh dose, Blow dose 
and C1 received a single dose of 1.0 mg microparticles directly into the sea water. 
Group Ahigh dose received 1.0 mg loaded microparticles, representing 1.5 µg of ferritin-
H. Group Blow dose received 0.5 mg empty microparticles and 0.5 mg loaded 
microparticles, representing 0.75 µg of ferritin-H. The control group C1 received 1 mg 
empty microparticles. Two additional groups being C2 and C3, received no 
microparticles. Eighteen hours after administering the microparticles, groups Ahigh dose, 
Blow dose, C1 and C2 were experimentally infected (bath infection) with the virulent V. 
anguillarum strain HI-610 (serovar O2a) using an infective dose of 105 cfu mL-1. C3 
represented the non-infected control group. The bath infection procedure was 
Chapter 6: Part A 
 143 
formerly validated for studying the pathogenesis of a V. anguillarum infection in 
gnotobiotic sea bass larvae (Li et al., 2014; Rekecki et al., 2012).  
 Mortality in all groups was recorded at 18, 24 and 36 h p.i. and 36 larvae per 
group were euthanized at each of these time points to study the expression of innate 
immune-related genes. Euthanized larvae were frozen in liquid nitrogen and stored at 
-80°C till further use. The remaining larvae were monitored till 120 h p.i. and the 
mortality in each group was daily recorded. This experiment was carried out in 
accordance with the recommendations in the European Union Ethical Guidelines for 
the care of animals used for experimental and other scientific purposes 
(2010/63/EU). The trial was approved by the UGhent Ethical Committee for Animal 
Experiments (EC2014/147). 
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MPs* at day 7 after 
hatching 
V. anguillarum 
infection 18 h post 
administering MPs 
Number of larvae sampled p.i. 
for expression of immune-
related genes 
Daily recording of survival from 
0 until 120 h p.i. 
18 h 24 h 36 h 
Ahigh dose MPs with Aga Yes 36 36 36 Yes 
Blow dose MPs with Agb Yes 36 36 36 Yes 
C1 Empty MPsc Yes 36 36 36 Yes 
C2 No MPs Yes 36 36 36 Yes 
C3 No MPs No 36 36 36 Yes 
*MPs = microparticles 
a1.0 mg MPs loaded with recombinant ferritin-H 
b0.5 mg MPs loaded with recombinant ferritin-H + 0.5 mg empty MPs 
c1.0 mg empty MPs 
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6.3.7 Reverse transcription real-time PCR (RT-qPCR)  
 At 18, 24, and 36 h p.i., triplicate of 12 pooled homogenized larvae were 
extracted with Total RNA Isolation Reagent (TRI Reagent®; Molecular Research 
Center, Inc., Cincinnati, USA) (Chomczynski and Sacchi, 1987) and total RNA was 
quantified by NanoDrop 2000 spectrophotometry (NanoDrop Technologies Inc.). 
After RNA extraction, RNA samples were treated with RNase-free amplification 
grade DNase I (Thermo Scientific, Aalst, Belgium) following the manufacturer’s 
protocol and confirmed to be DNA-free by PCR for the ribosomal protein s18 (rps18) 
gene. One µg of total RNA was reverse transcribed (RevertAid™ H Minus first strand 
cDNA synthesis kit; Thermo Scientific) following the manufacturer’s protocol. RNA 
and cDNA samples were stored at -80°C and -20°C, respectively. 
 Genes selected for expression analysis are presented in Table 6A–2. Some 
of them were previously used to study the immune responses in European sea bass 
(Reis et al., 2012; Sarropoulou et al., 2009; Sepulcre et al., 2007). All primers, except 
the ones for the rps18, il1β, il8 and il10 genes, which were already described by 
Galindo-Villegas et al. (2013), were designed using the oligonucleotide configuration 
tool for pre-designing KiCqStart® SYBR® Green Primers (Sigma-Aldrich). Melt curve 
analysis was used to ensure the specificity of the primers. Reverse transcription 
quantitative real-time PCR (RT-qPCR) efficiencies for each gene were determined 
using slope analysis with a linear regression model. Serial dilutions of in-house 
prepared plasmids containing the specific amplicons as insert cloned in pGEM®-T 
vector (Promega, Leiden, The Netherlands) and transform in E. coli DH5a™ cells 
were used to generate standard curves. 
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Primer sequence (5'-3') Tm (°C) Reference 
(protein) 
rps18 AM490061.1 F: AGGGTGTTGGCAGACGTTAC 
57.2 (Galindo-Villegas et al., 2013) (RPS18)  R: CTTCTGCCTGTTGAGGAACC 
     
tlr3 AB675413.1 F: TGATCCAGCTAGTGAGACTAAGG 
57.0 This study 
(TLR3)  R: TAGAGTCTGAAGTCTGGGCAGT 
     
tlr5 JF266563.1 F: GGTCATCTTCAGCGGGATTGT 
58.0 This study 
(TLR5)  R: GAAGACTGTGCATCGTCTC 
     
cas1 DQ198376.1 F: TATCATGTCGCACGGGAAACT 
58.0 This study 
(Caspase 1)  R: TTTCTCTTCTCTCCAGCACCC 
     
il1β AJ269472.1 F: ATCTGGAGGTGGTGGACAAA 
57.2 (Galindo-Villegas et al., 2013) (IL-1β)  R: AGGGTGCTGATGTTCAAACC 
     
tnfα DQ070246.1 F: TGAGAGGTGTGAGGCGTTTTC 
58.0 This study 
(TNFα)  R: GATTAGTGCTTCGGTTTGGCC 
     
Il10 DQ821114.1 F: CGACCAGCTCAAGAGTGATG 
57.2 (Galindo-Villegas et al., 2013) (IL-10)  R: AGAGGCTGCATGGTTTCTGT 
     
mif FN582353.1 F: CACTGAGGAGCTGGCGAAAG 
58.0 This study 
(MIF)  R: CACTACCTTTGGCTGAGAGGG 
     
cxcl8 AM490063.1 F: GTCTGAGAAGCCTGGGAGTG 
57.2 (Galindo-Villegas et al., 2013) (CXCL8)  R: GCAATGGGAGTTAGCAGGAA 
     
cxcr4 FN687464.1 F: GCAAAGCACAGGGTCTTCAAA 
57.0 This study 
(CXCR4)  R: TACTGTGTTGGCATCTTTTCGG 
     
ccr9 FN665390.1 F: CTGATACTACCCCTGCCCTTTC 
58.0 This study 
(CCR9)  R: TTCTCGTGTGCTGCTGTAACT 
     
cc1  AM490065.1 F: CCTAACCGTGAATGTGTCCCA 
58.0 This study 
(CC1)   R: TCCGGCCAATGAAAACACCTA 
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 Samples were subjected to RT-qPCR using a Rotor-Gene Q (Qiagen®) 
instrument. Each reaction contained 15 μL master mix prepared with iQ™ SYBR® 
Green Supermix (Bio-Rad Laboratories), the optimal primer concentration for each 
primer pair and 5 μL diluted cDNA to a final volume of 20 µL. The RT-qPCR reaction 
conditions were as follows: initial denaturation at 95°C for 3 min, 40 cycles each 
consisting of 15 s at 95°C, 1 min at 57 to 58°C (depending on primer pairs, Table 6A–
2) and 15 s at 72°C, followed by the melting curve program (95°C for 1 min, 55 to 
95°C in steps of 0.5°C each 10 s). Three biological replicates of each sample were 
tested in duplicate. Plasmids (pGEM®-T) containing specific insert for the tested gene 
were used as positive control. Non-reverse transcribed total RNA of larvae and 
ddH2O were used as negative controls.  
 RT-qPCR efficiencies for each gene ranged from 95 to 100%, which allowed 
the use of the 2-ΔΔCT method for calculation of relative gene expression (fold-changes) 
(Livak and Schmittgen, 2001). All RT-qPCR experiments were performed in 
compliance with the MIQE guidelines as described by Bustin et al. (2009). The 
expression of the target genes was normalized to the reference gene (rps18) by 
calculating ΔCT: 
 
ΔCT = CT, target – CT, rps18 
 
and expressed relative to group C3 (for evaluating the effect of the V. anguillarum 
infection) or C1 (for evaluating the prophylactic effect of ferritin-H administration) as 
the calibrator by calculating ΔΔCT 
 
ΔΔCT = ΔCT – ΔCT, calibrator 
 
The relative expression was then calculated as: 
 
Relative expression (fold) = 2-ΔΔCT 
 
6.3.8 Statistical analysis 
 Statistical analysis was conducted using IBM SPSS Statistics for Windows, 
Version 21.0 (IBM Corp., Armonk, NY). Data used for parametric analysis of variance 
(ANOVA) were tested for homogeneity of variance (f-test, p<0.05). One-way ANOVA 
and t-Test (p<0.05) were used to compare the sea bass survival percentage and the 
relative gene expression (fold-changes) between different treatments, respectively. 
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ANOVA test was followed by a post-hoc comparisons using Tukey HSD test and 
data for gene expression were log-transformed. We also compared the survival 
extension regression lines for all groups, using the survival percentages from 48 to 
120 h p.i. in order to observe longitudinal differences in appearance of mortality. 
 
6.4 Results 
6.4.1 Production of recombinant ferritin-H 
 We successfully produced the recombinant ferritin-H. One liter of COS-7 cell 
culture harvest was used to produce 10 mL purified recombinant ferritin-H with a 
recombinant ferritin-H concentration of 2.5 µg µL-1, thus yielding 25 mg of 
recombinant ferritin-H. The purity of the 21 kDa ferritin-H protein band on the SDS-
PAGE gel was approximately 60 to 70%. 
 
6.4.2 Survival of sea bass larvae 
 To evaluate the effect of a V. anguillarum infection, we compared the mean 
survival percentages for groups C2 and C3 during 120 h p.i. Both groups received no 
microparticles and only group C2 was experimentally infected. The mean survival 
percentages for both groups were statistically the same during the first 48 h p.i. From 
72 h p.i. onward, mean survival percentages for the uninfected group C3 were 
always statistically higher than those for the infected group C2 (Figure 6A–2). At the 
end of the experiment (120 h p.i.), groups C2 and C3 showed a mean survival 
percentage of 1.67 ± 3.73% and 96.67 ± 3.33 %, respectively.  
 To evaluate the prophylactic effect of ferritin-H administration prior to the 
vibrio infection, we compared the mean survival percentage for groups C1, Ahigh dose 
and Blow dose during 120 h p.i. There was no protective effect of ferritin-H, as the 
mortality in group C1 was always statistically the same as in groups Ahigh dose and Blow 
dose (Figure 6A–2). At 120 h p.i., only a mean percentage of 3.33 ± 4.56, 11.66 ± 
12.64 and 3.33 ± 4.56 of the larvae of groups C1, Ahigh dose and Blow dose survived the 
experimental infection. The slopes of the survival extension regression lines 
(occurrence of mortality in time) for groups C1, Ahigh dose and Blow dose were also 
statistically the same (data not shown). 
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Figure 6A–2 Mean survival percentage of sea bass larvae in groups C1, C2, C3, Ahigh dose and 
Blow dose at different time points post V. anguillarum infection. Vertical bars represent standard 
deviations. Letters indicate significant differences between group C3 (non-infected control) 
and the four infected groups C1, C2, Ahigh dose and Blow dose (p<0.05). 
 
6.4.3 Effect of V. anguillarum infection on immune-related gene transcription 
 We compared the transcript levels of tlr3, tlr5, cas1, il1β, tnfα, mif, il10, cc1, 
cxcl8, cxcr4 and ccr9 for groups C2 and C3, in order to evaluate the effect of a V. 
anguillarum infection on immune-related genes. The mean gene transcript levels ± 
SD for group C2 relative to C3, at 18, 24 and 36 h p.i. are presented in Figures 6A–
3A, 6A–3B and 6A–3C, and Appendix 7, respectively. 
 At 18 h p.i., tlr3 (14-fold) and tlr5 (25-fold) expression were significantly 
upregulated by the infection (Figure 6–3A). At that time, vibrio also induced a 
significant upregulation of cas1 (46-fold), il1β (19-fold), mif (610-fold), il10 (159-fold) 
and cc1 (17-fold). Transcript levels for tnfα (8-fold) and cxcl8 (3-fold) also augmented 
early upon infection, but there was no significant difference with the non-infected 
control group C3. Remarkably, cxcr4 (0.02-fold) and ccr9 (0.12-fold) were not 
upregulated by the infection and their transcript levels were even significantly lower 
as compared to the non-infected control group C3.  
 At 24 h p.i., most genes under study, except for cxcl8 (3-fold upregulation) 
were significantly upregulated by the infection and again, cxcr4 (0.15-fold) and ccr9 
(0.15-fold) were not upregulated by the infection. As at 18 h p.i., cxcr4 and ccr9 
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transcript levels were significantly lower as compared to the non-infected control 
group C3. 
 At 36 h p.i., tlr3 (24-fold), tlr5 (24-fold), cas1 (680-fold), il1β (18-fold), and 
especially cxcl8 (3656-fold) were significantly upregulated by the infection. The 
chemokine receptor genes cxcr4 and ccr9 also remained non-upregulated at 36 h p.i. 
The transcript level for cxcr4 (0.12-fold) was slightly lower, but significantly different 
compared to the cxcr4 mRNA level of the non-infected control group C3. The ccr9 
transcript level was statistically the same as for the non-infected control C3. 
 Taken all together, V. anguillarum significantly upregulated the expression of 
all studied immune-related genes at 18, 24 and/or 36 h p.i., with the exception of the 
chemokine receptor genes cxcr4 and ccr9 which were not upregulated at 18, 24 or 
36 h p.i. 





Figure 6A–3 Expression of TLR, cytokine, chemokine and chemokine receptor genes in non-
infected larvae (group C3) and larvae infected with V. anguillarum (group C2) at (A) 18 h, (B) 
24 h and (C) 36 h p.i. Gene expression data are presented as fold-changes for C2 relative to 
C3. Vertical bars represent standard deviations and asterisks (*) indicate a significant 
difference for C2 compared to C3 (p<0.05). 
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6.4.4 Effect of the prophylactic use of ferritin-H on immune related gene 
transcription 
 Toll-like receptor3, tlr5, cas1, il1β, tnfα, mif, il10, cc1, cxcl8, cxcr4 and ccr9 
transcript levels for groups Ahigh dose and Blow dose were compared to control group C1. 
The mean gene transcript levels ± SD for groups Ahigh dose and Blow dose relative to 
group C1 at 18, 24 and 36 h p.i. are presented in Figures 6A–4A, 6A–4B and 6A–
4C, and Appendix 8, respectively. 
 Oral administration of ferritin-H prior to the infection had no remarkable 
influences on the expression of immune-related genes when relatively compared to 
the non-treated, infected control group C1, except for an extremely significant 
upregulation of cas1, cxcr4 and ccr9 expression at 18 h p.i. However, upregulation of 
the cas1 mRNA level at 18 h p.i. was not accompanied or followed with augmented 
il1β mRNA levels and from 24 h p.i. onward, cas1 transcript levels declined 
drastically resulting in a significant (albeit low) downregulation of cas1 gene 
expression at 36 h p.i.  
 At 24 h p.i., again no remarkable influences on the expression of immune-
related genes were observed when comparing groups Ahigh dose and Blow dose relatively 
to the non-treated, infected control group C1, except for a significant upregulation of 
cxcr4 and ccr9 expression. At 36 h p.i., again no remarkable influences on the 
expression of immune-related genes were observed when comparing groups Ahigh dose 
and Blow dose relatively to the non-treated, infected control group C1, except for this 
time a significant upregulation of il10 (only Blow dose), cxcl8, and again cxcr4, ccr9 
expression. 
 Interestingly, ferritin-H administration prior to a vibrio infection continuously 
caused significant higher transcript levels for ccr9 and especially cxcr4, which were 
not upregulated during the vibrio infection itself as demonstrated by the comparison 
of groups C2 and C3. 
 





Figure 6A–4 Expression of TLR, cytokine, chemokine and chemokine receptor genes at (A) 
18 h, (B) 24 h and (C) 36 h p.i. in non-treated infected larvae (group C1) and larvae which 
received ferritin-H at a high (Ahigh dose) or low dose (Blow dose) prior to the infection. Gene 
expression data are presented as fold-changes for Ahigh dose or Blow dose relative to C1. Vertical 
bars represent standard deviations. Asterisks (*) indicate a significant difference for Ahigh dose 
or Blow dose compared to C1. Letters indicate a significant difference between Ahigh dose and Blow 
dose (p<0.05). 
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6.5 Discussion 
6.5.1 Vibriosis and current prophylactics 
 V. anguillarum causes mortality in aquaculture and preventive measures are 
mandatory, rather than treatment of affected fish larvae with antibiotics as this may 
lead to resistance in bacteria. In addition, antibiotics can also reduce larval growth 
and inhibit the defense mechanisms of larvae (Serrano, 2005). A vaccine against V. 
anguillarum does exist (AQUAVAC® Vibrio Pasteurella; MSD Animal Health). 
However, the vaccine needs to be injected intraperitoneally and it is apparently only 
licensed for sea bass production in Greece and Turkey. Intraperitoneal injection 
requires sea bass with a minimum weight of 25 g for ease of handling and higher 
tolerance to stress than the smaller animals. Importantly, the vaccine cannot be 
administered to broodstock or fish intended as broodstock, eliminating the possibility 
of transferring vaccine-specific antibodies to offspring. Furthermore, according to 
Breuil et al. (1997), maternal-immunity will offer no or at least insufficient protection 
as the maternally-derived IgM decrease after hatching and are no longer detected 
from day 5 onward. Thus, stimulation of the innate immune system of fish larvae to 
augment disease resistance is gaining interest.  
 
6.5.2 Ferritin-H as candidate immunostimulant 
 In this study, we produced the sea bass ferritin-H subunit recombinantly. 
Recombinant ferritin-H was orally administered to gnotobiotic sea bass larvae at day 
7 after hatching (DAH7) in order to increase their resistance against V. anguillarum 
challenge. Previous studies in clam (Sinonovacula constricta), Chinese mitten crab 
(Eriocheir sinensis), scallop (Patinopecten yessoensis), prawn (Macrobrachium 
nipponense), the Pacific abalone (Haliotis discus hannai), a marine gastropod 
mollusc (Concholepas concholepas), rock bream (Oplegnathus fasciatus) and 
European sea bass (D. labrax) have suggested a putative role for ferritin in innate 
immune defense (Neves et al., 2009; Wu et al., 2010; Li et al., 2012; Chávez-
Mardones et al., 2013; Elvitigala et al., 2014; S. Sun et al., 2014; Y. Sun et al., 2014; 
Qiu et al., 2016).  
 So far, ferritin or ferritin-H administration prior to experimental microbial 
infections of aquatic animals has only been studied in crustaceans. Maiti et al. (2010) 
demonstrated the protective effect of shrimp ferritin-H in the giant tiger prawn (P. 
monodon). According to them, protection of giant tiger prawn (15 to 20 g) against V. 
harveyi (1.5 x 106 cfu mL-1) challenge was not linked to the direct antibacterial activity 
of injected shrimp ferritin-H (1.5 µg g-1 body weight) and the mechanism behind the 
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observed protection remained unclear. Ruan et al. (2010) demonstrated that injecting 
Pacific white shrimp (12.69 ± 1.5 g) with human ferritin (dose range of 0.1 to 1 ng g-1 
body weight) effectively enhanced immunity and survival after challenge with white 
spot syndrome virus. Protection was linked to increased total hemocyte counts and 
augmented activities of superoxide dismutase (SOD), phenoloxidase (terminal 
enzyme in the proPO innate defense system in crustaceans) and of the respiratory 
burst reaction. However, one could question the use of human ferritin in invertebrate 
species. Shrimp perhaps simply reacted immunologically against this uncommon 
antigen. It might be interesting to repeat the experiment, with the incorporation of an 
irrelevant human ‘control’ antigen. Nevertheless, all these previous findings 
encouraged us to explore the immunostimulatory properties of sea bass ferritin-H in 
gnotobiotic European sea bass larvae and to evaluate its prophylactic capacity 
against V. anguillarum challenge. Next to ferritin-H, other proteins that are involved in 
iron homeostasis such as transferrin and hepcidin might be interesting candidates for 
immunostimulation. 
 
6.5.3 Production of recombinant sea bass ferritin-H 
 Mammalian ferritin (reviewed by Recalcati et al. 2008), consists of 24 protein 
subunits of the heavy (H) and light (L) type (Lee et al., 2012), with molecular weights 
of 21 and 19 kDa, respectively. A variable proportion of H or L chains are present 
giving rise to isoferritins. The capacity to convert Fe (II) to Fe (III) allows ferritin to 
sequester iron in a mineral core inside the cavity. This ferroxidase activity is an 
inherent feature of the H subunit (Harrison and Arosio, 1996). Information on fish 
ferritins is still very scanty. In some teleost fish, like the Atlantic salmon (Salmo 
salar), the Antarctic emerald rockcod (Trematomus bernacchii) and dusky rockcod 
(Trematomus newnesi), ferritin consists out of H and M-chains (Giorgi et al., 2008; 
Lee et al., 2014). The ferritin M-chain was first discovered in bullfrog (Rana 
catesbeiana) as a third subunit type of 20.6 kDa (Dickey et al., 1987). The teleost M-
chain is orthologous to the mammalian L-chain (Lee et al., 2012). The exact 
combination of subunits in sea bass ferritin is unknown, but Neves et al. (2009) 
showed that at least the ferritin H-chain is present as they characterized the ferritin-H 
gene Dlfer but did not express the protein recombinantly. Importantly, Neves et al. 
(2009), also discovered a potential N-glycosylation site (Asn-Gln-Ser-Leu) in sea 
bass ferritin-H. Because of the above findings, we expressed Dlfer in eukaryotic cells 
and purified the ferritin-H protein by column chromatography for subsequent 
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administration to sea bass larvae. To our knowledge, this is the first study to produce 
recombinant sea bass ferritin-H.  
 
6.5.4 Effect of V. anguillarum on survival and expression of immune-related 
genes 
 Mortality in the infected control groups C1 and C2 was statistically the same. 
All controls experienced an acute V. anguillarum infection resulting in high mortality, 
starting at 72 h p.i. Also, comparing C1 to C2 revealed that there was no positive 
effect on survival of administering empty alginate microparticles. The low survival 
percentages in the infected control groups were not unexpected and were in 
accordance with observations on fish farms and in fish experimentally infected with 
V. anguillarum (reviewed by Frans et al., 2011).  
 V. anguillarum upregulated the expression of all immune-related genes under 
study except for the chemokine receptor genes cxcr4 and ccr9. To our knowledge, 
we are the first to demonstrate this in a gnotobiotic larval infection model by use of a 
large panel of immune-related genes. Infection studies (intraperitoneal injection) in 
conventional sea bass with a mean body weight of 32 to 100 g, showed significantly 
increased transcript levels for il1β, il6 and cxcl8 (Chistiakov et al., 2010; Meloni et al., 
2015; Mosca et al., 2014). We did not study il6, but we can confirm the data on il1β 
and cxcl8 expression. 
 
6.5.5 Effect of ferritin-H on survival and expression of immune-related genes 
 In contradiction to what was observed in crustaceans, ferritin-H administration 
in fish did not offer significant protection against vibriosis. The ferritin dose and/or 
administration method could perhaps be the reason. However, the same doses and 
identical experimental procedures have recently been used for evaluating the 
prophylactic effect of recombinant sea bass transferrin and this protein significantly 
protected gnotobiotic sea bass larvae against V. anguillarum challenge (Tho et al., 
2016; unpublished data).  
 Data in humans suggest that ferritin-H may suppress immune responses by 
its ability to induce production of the anti-inflammatory cytokine IL-10 in lymphocytes 
(Gray et al., 2001). We also observed a significant upregulation of il10 transcript 
levels by ferritin. However, this was only observed at 36 h p.i. and only in Blow dose. 
Moreover, il10 expression was also upregulated during a vibrio infection itself as 
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demonstrated by the comparison of C2 and C3, so we cannot rule out the effect of 
vibrio on il10 expression. 
 Another possibility for the high mortality in the ferritin-H treated groups could 
be the absence of a specific ferritin-H receptor in the larval stage. So far, the receptor 
for fish ferritin-H has not been discovered. The best characterized ferritin receptor in 
mammals is the transferrin receptor-1 (TfR1), which binds ferritin-H and transferrin. 
In mice, ferritin-H binds to TIM-2 (Han et al., 2011) and ferritin-L to Scara5 (Li et al., 
2009). TfR1, TIM-2 and Scara5 are already present in mammalian embryo’s and 
contribute to organogenesis (Li et al., 2009), so perhaps hatched fish larvae also 
express a specific ferritin receptor. Now that we produced recombinant sea bass 
ferritin-H, we could try to identify its receptor in sea bass cells.  
Beside that, ferritin-H could have been a source of iron for V.anguillarum 
which might increased their replication and therefore their virulence. Most pathogenic 
bacteria possess two main iron-uptake mechanisms: (1) a direct utilization of iron 
contained in host proteins, such as transferrin or hemoglobin and (2) the production 
of intermediaries, such as hemophores and siderophores, to scavenge iron from 
heme- or iron-containing compounds (Ratledge and Dover, 2000; Wandersman and 
Delepelaire, 2004). In V. anguillarum, both mechanisms are present. V. anguillarum 
could efficiently use heme and hemoglobin as iron sources (Mouriño et al., 2004) and 
also produced siderophores known as anguibactin in strains harboring pJM1-like 
plasmids and vanchrobactin in strains lacking these plasmids (Lemos et al., 2010). 
 We tried to find other possible explanations for the non-protective effect of 
sea bass ferritin-H by looking more closely to the knowledge on human ferritin-H. 
Human ferritin is apparently not only known to be important for iron homeostasis and 
protection of cells against oxidative damage, but it also acts as an immuno-
suppressor (reviewed in Recalcati et al., 2008). Human ferritin inhibits lymphoid and 
myeloid cell proliferation and suppresses myeloid cell differentiation and migration. It 
also inhibits the proliferation of precursors of the human erythrocyte lineage 
(Broxmeyer et al., 1989; Fargion et al., 1991). Ferritin also suppresses T cells (Moroz 
et al., 2006) and immunoglobulin production by human peripheral blood mononuclear 
cells (Yamashita et al., 2014). The mechanism(s) behind these observations 
remained unclear until Li et al. (2006), observed that human ferritin-H binds to 
CXCR4 and that internalized CXCR4 co-localizes with human ferritin-H into internal 
vesicles. Human ferritin-H undergoes nuclear translocation and phosphorylation at 
serine residues. Li et al. (2006) also observed that ferritin-H overexpression in 
human cells inhibited CXCR4-mediated ERK1/2 activation. ERK is a member of the 
mitogen-activated protein kinase (MAPK) family that plays an important role in cell 
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proliferation, differentiation and migration (Figure 6A−5) (Floridi et al., 2003; Peng et 
al., 2005). Thus, human ferritin acts as an immuno-suppressor at least by negative 
regulation of CXCR4. This might also be the case for sea bass ferritin-H leading to 
inhibition of cell proliferation, differentiation and migration (chemotaxis) which is of 
course detrimental to the fish larva’s innate immune response and might explain the 
non-protective effect of sea bass ferritin-H observed in this study. The augmented 
expression of cxcr4 could perhaps reflect a ‘recuperation mechanism’ for restoring 




Figure 6A–5 CXCR4 signaling pathway. In human, CXCR4 (C-X-C-motif Chemokine 
Receptor-4) is a specific receptor for CXCL12. CXCR4 can mediate the migration of a resting 
leukocytes and haematopoietic progenitors in response to CXCL12. The binding of CXCL12 
to CXCR4 has shown to activate IP3R (Mitogen Activated Protein Kinases), JNK (Jun N-
terminal Kinases) and PI3K (Phosphoinositide-3 Kinase) signaling leading to cell proliferation, 
differentiation and migration. However, human ferritin-H also binds to CXCR4 and can be 
internalized into internal vesicles and inhibit the CXCR4-mediated ERK1/2 activation. ERK1/2 
is a member of the mitogen-activated protein kinase (MAPK) family that plays an important 
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 Interestingly, according to Li et al. (2006), other chemokine-receptor-initiated 
signaling (like for CXCR2) appears to be similarly regulated by human ferritin-H. 
Thus, it might perhaps also be the case for CCR9, a chemokine receptor included in 
our study, although this has not been studied in humans so far. Moreover, inhibition 
of chemotaxis by ferritin-H could explain the significantly elevated cxcl8 expression 
levels, although we cannot exclude the influence of vibrio as cxcl8 transcript levels 
also significantly augmented during a vibrio infection. 
 
6.6 Conclusions 
 In conclusion, oral administration of recombinant sea bass ferritin-H 
encapsulated in calcium alginate microparticles offered no protection against V. 
anguillarum challenge. Gene expression analyses in larvae receiving ferritin-H prior 
to infection points more in the direction of immuno-suppression by ferritin-H as in 
humans instead of immuno-stimulation and protection as described for shrimp. Sea 
bass ferritin-H might be a negative regulator of CXCR4. We intend to investigate this 
hypothesis further using cells stably expressing sea bass CXCR4 in combination with 
confocal laser scanning microscopy for examining the cytoplasmic co-localisation of 
sea bass ferritin-H and CXCR4 as well as possible nuclear translocation of ferritin-H. 
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6.7 Objectives of part 6B 
 The objectives of part 6B were: 1) to produce recombinant bacterial heat 
shock protein (DnaK) in prokaryotic cells and 2) to evaluate whether recombinant 
DnaK could stimulate the innate immune system of gnotobiotic European sea bass 
larvae resulting in protection against V. anguillarum challenge.  
 
6.8 Materials and methods 
6.8.1 Cloning, production and purification of recombinant bacterial Hsp70 
(DnaK) 
 The design of the recombinant E. coli strain Enative (E. coli strain over-
expressing DnaK) and the purification of recombinant DnaK was formerly described 
by Baruah et al. (2010) and B. Hu et al. (2014), respectively. The Enative strain was 
cultured in Luria Bertani (LB) broth with 50 μg mL-1 kanamycin (Sigma-Aldrich, 
Diegem, Belgium) at 37°C. Over-expression of DnaK was induced by adding 0.5 mg 
mL-1 L-arabinose (Sigma-Aldrich) to the culture for 4 h at 37°C. Afterwards, bacteria 
were transferred into sterile vials and mechanically disrupted by agitation (twice for 
30 s) in the presence of sterile 0.1 mm glass beads using a bead beater (Lab 
Services, Breda, The Netherlands). Bacterial lysate was collected by centrifugation 
(2200 x g for 1 min at 4°C) and the subsequent purification of DnaK was done using 
a Dynabeads® His-Tag Isolation & Pulldown kit (Life Technologies, Aalst, Belgium) 
following the manufacturer’s protocol. The endotoxin content was determined using 
the Toxin Sensor Chromogenic LAL Endotoxin Assay Kit (GenScript, New Jersey, 
USA) following the manufacturer’s protocol. Purified DnaK was stored at -80°C until 
use. 
 
6.8.2 Analysis of recombinant bacterial Hsp70 (DnaK) 
 The concentration of the purified DnaK was determined using a Quick Start™ 
Bradford protein assay (Bio-Rad Laboratories, Temse, Belgium) following the 
manufacturer’s protocol. Samples were analyzed by SDS-PAGE using the procedure 
previously described (Laemmli, 1970). Precision Plus Protein™ (Bio-Rad 
Laboratories) was used as a pre-stained molecular weight marker (MW range 10-180 
kDa). Proteins were stained with the Bio-Safe Coomassie stain (Bio-Rad 
Laboratories) or electrophoretically transferred to a polyvinylidene difluoride (PVDF) 
membrane (Immun-Blot® PVDF membrane, Bio-Rad Laboratories) using a semi-dry 
Western blotting system (250mA, 1 h; Trans-Blot® Semi-Dry, Bio-Rad Laboratories). 
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The PVDF membrane was blocked (PBS with 0.2% Tween-20 and 5% BSA) for 1 h 
at room temperature (RT) and subsequently incubated overnight (4°C) with a mouse 
monoclonal antibody against DnaK (8E2/2; diluted 1:5000) (Enzo Life Sciences, 
Antwerpen, Belgium). The membrane was washed and thereafter incubated with 
horseradish peroxidase labelled donkey anti-mouse IgG (H + L) (Affinity 
BioReagents™, Colorado, USA) at a dilution of 1:2500 (1 h, RT). After washing, 0.7 
mM 3,3’-diaminobenzidine (Sigma-Aldrich) and 0.01% H2O2 in 0.1 M Tris-HCl (pH 
7.6) were added (10 min, RT). Membranes were washed and analyzed with Western 
blot imaging system ChemiDoc™ MP (Bio-Rad Laboratories).  
 
6.8.3 Microparticle preparation and antigen encapsulation 
 Recombinant DnaK was encapsulated in calcium alginate microparticles as 
described in part 6A. As mentioned in part 6A, previously, we established the 
emulsification procedure for preparing calcium alginate microparticles with a median 
size of 84 ± 4.7 µm for oral administration to gnotobiotic European sea bass larvae at 
day after hatching 7 (Yaacob et al., accepted). Four batches for each of antigen 
loaded (DnaK) and unloaded control microparticles were manufactured. Each batch 
had a wet weight of 200 mg. 
 The encapsulation efficiency of DnaK was calculated as previously described 
(Jeffery et al., 1993) and was found to be 19.7%. Thus, each batch (200 mg) of 
microparticles contained 300 µg of antigen or 1.5 µg antigen per mg microparticles. 
 
6.8.4 Gnotobiotic sea bass larvae 
 Naturally spawned pre-disinfected (20 mL L-1 0.5% active iodine for 10 min) 
European sea bass eggs were obtained from Écloserie Marine (Gravelines, France). 
Upon arrival, the eggs were treated and incubated as described in part 6A. Axenity 
testing was done by incubating 30 eggs and 1 mL of culture medium from each 
incubation bottle in 9 mL sterile marine broth (Carl Roth GmbH Co., Karlsruhe, 
Germany) at 28°C for 96 h. Incubation bottles that were positive for bacterial growth 
were excluded from the experiment. Hatching, stocking and the experiment with the 
gnotobiotic sea bass larvae were carried out in a temperature-controlled room (16 ± 
1°C) with dim blue light (100 lux) as described in part 6A. 
 
6.8.5 Antigen administration and experimental infection of larvae 
 At day one of the experiment (DAH6), larvae for all groups were stocked in 
sterile screw cap vials (12 larvae per vial) with 10 mL filtered, autoclaved artificial sea 
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water containing 10 mg L−1 rifampicin. Vials of stocked larvae were placed on a rotor 
turning at 4 rpm with an axis tangential to the axis of the vials to provide aeration and 
avoid sedimentation. Larvae were divided into four identical groups and each group 
consisted out of 10 biological replicates of 12 gnotobiotic sea bass larvae (n=10 
larvae per group) (Table 6B–1). 
 At DAH7, larvae (mean body weight of 0.5 mg) of groups Ahigh dose, Blow dose 
and C1 received a single dose of 1.0 mg microparticles directly into the sea water. 
Group Ahigh dose received 1.0 mg of loaded microparticles, representing 1.5 µg of 
DnaK. Group Blow dose received 0.5 mg empty microparticles and 0.5 mg loaded 
microparticles, representing 0.75 µg of DnaK. Group C1 received 1 mg of empty 
microparticles. The second control group C2 received no microparticles. 
 Eighteen hours after administering the microparticles, groups Ahigh dose, Blow 
dose, C1 and C2 were experimentally infected (bath infection) with the virulent V. 
anguillarum strain HI-610 (serovar O2a) using an infective dose of 105 cfu mL-1. The 
bath infection procedure was formerly validated for studying the pathogenesis of a V. 
anguillarum infection in gnotobiotic sea bass larvae (Li et al., 2014; Rekecki et al., 
2012). 
 Mortality in all groups was recorded at 18, 24 and 36 h p.i. and 36 larvae per 
group were euthanized at each of these time points to study the expression of innate 
immune-related genes. Euthanized larvae were frozen in liquid nitrogen and stored at 
-80°C till further use. The remaining larvae were monitored till 120 h p.i. and the 
mortality in each group was daily recorded. This experiment was carried out in 
accordance with the recommendations in the European Union Ethical Guidelines for 
the care of animals used for experimental and other scientific purposes 
(2010/63/EU). The trial was approved by the UGhent Ethical Committee for Animal 
Experiments (EC2014/147). 
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Table 6B–1 Experimental set up. 
Groups (n=10) Administering MPs* at day 7 after hatching 
V. anguillarum infection 18 h 
post administering MPs 
Number of larvae sampled p.i. for 
expression of immune-related genes Daily recording of survival  
from 0 until 120 h p.i. 
18 h 24 h 36 h 
Ahigh dose MPs with Ag
a Yes 36 36 36 Yes 
Blow dose MPs with Ag
b Yes 36 36 36 Yes 
C1 Empty MPsc Yes 36 36 36 Yes 
C2 No MPs Yes 36 36 36 Yes 
*MPs = microparticles 
a1.0 mg MPs loaded with recombinant DnaK 
b0.5 mg MPs loaded with recombinant DnaK + 0.5 mg empty MPs 
c1.0 mg empty MPs. 
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6.8.6 Reverse transcription real-time PCR (RT-qPCR)  
 At 18, 24, and 36 h p.i., triplicate of 12 pooled homogenized larvae were 
extracted with Total RNA Isolation Reagent (TRI Reagent®; Molecular Research 
Center, Inc., Cincinnati, USA) (Chomczynski and Sacchi, 1987) and total RNA was 
quantified by NanoDrop 2000 spectrophotometry (NanoDrop Technologies Inc.,). 
After RNA extraction, RNA samples were treated with RNase-free amplification 
grade DNase I (Thermo Scientific, Aalst, Belgium) following the manufacturer’s 
protocol and confirmed to be DNA-free by PCR for the ribosomal protein s18 (rps18) 
gene. One µg of total RNA was reverse transcribed (RevertAid™ H Minus first strand 
cDNA synthesis kit; Thermo Scientific) following the manufacturer’s protocol. RNA 
and cDNA samples were stored at -80°C and -20°C, respectively. 
 Genes selected for expression analysis were identical as those used for 
testing the prophylactic effect of ferritin-H (see part 6A; Table 6A–2) 
 Samples were subjected to RT-qPCR as described in part 6A. Three 
biological replicates of each sample were tested in duplicate. Plasmids (pGEM®-T) 
containing specific insert for the tested gene were used as positive control. Non-
reverse transcribed total RNA of larvae and ddH2O were used as negative controls. 
RT-qPCR efficiencies for each gene ranged from 95 to 100%, which allowed the use 
of the 2-ΔΔCT method for calculation of relative gene expression (fold-changes) (Livak 
and Schmittgen, 2001). All RT-qPCR experiments were performed in compliance 
with the MIQE guidelines as described by Bustin et al. (2009). The expression of the 
target genes was normalized to the reference gene (rps18) by calculating ΔCT: 
 
ΔCT = CT, target – CT, rps18 
 
and expressed relative to group C1 as the calibrator by calculating ΔΔCT 
 
ΔΔCT = ΔCT – ΔCT, calibrator 
 
The relative expression was then calculated as: 
 
Relative expression (fold) = 2-ΔΔCT 
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6.8.7 Statistical analysis 
 Statistical analysis was conducted using IBM SPSS Statistics for Windows, 
Version 21.0 (IBM Corp., Armonk, NY). Data used for parametric analysis of variance 
(ANOVA) were tested for homogeneity of variance (f-test, p<0.05). One-way ANOVA 
and t-Test (p<0.05) were used to compare the sea bass survival percentage and the 
relative gene expression (fold-changes) between different treatments, respectively. 
The ANOVA test was followed by a post-hoc comparisons using Tukey HSD test and 
data for gene expression were log-transformed. We also compared the survival 
extension regression lines for all groups, using the survival percentages from 48 to 
120 h p.i. in order to observe longitudinal differences in appearance of mortality. 
 
6.9 Results 
6.9.1 Production of DnaK 
 About 600 mL of Enative culture was produced and resulted in 1000 µg µL
-1 of 
purified DnaK. The endotoxin content was determined at 0.45 EU/mg DnaK. While, 
the purity of the 83 kDa DnaK protein band on the SDS-PAGE gel was approximately 
90%.  
 
6.9.2 Survival of sea bass larvae 
 To evaluate the prophylactic effect of DnaK administration prior to the vibrio 
infection, we compared the mean survival percentage for groups C1, Ahigh dose and 
Blow dose during 120 h p.i.. A high dose of recombinant DnaK seemed to have a 
protective effect, at least when looking at the mean survival percentages at 72, 96 
and 120 h p.i., At those time points, the mean survival percentages in group Ahigh dose 
were significantly higher than in group C1, which received the empty microparticles 
(Figure 6B–1). At 120 h p.i., a mean percentage of 1.66 ± 3.73 and 33.33 ± 23.57 of 
the larvae of groups C1 and Ahigh dose had survived the experimental infection, 
respectively. However, the mean survival percentages in group Ahigh dose were always 
statistically the same as in group C2, the group which received no microparticles. 
The slopes of the survival extension regression lines (occurrence of mortality in time) 
for groups C1, Ahigh dose and Blow dose were also statistically the same (data not shown). 
Thus, there was no protective effect of DnaK. 
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Figure 6B–1 Mean survival percentage of sea bass larvae in groups C1, C2, Ahigh dose and Blow 
dose at different time points post V. anguillarum infection. Vertical bars represent standard 
deviations. Letters indicate significant differences between group C2 (infected control) and 
the three infected groups C1, Ahigh dose and Blow dose (p<0.05). 
 
6.9.3 Effect of the prophylactic use of DnaK on immune-related gene 
transcription 
 Toll-like receptor3, tlr5, cas1, il1β, tnfα, mif, il10, cc1, cxcl8, cxcr4 and ccr9 
transcript levels for the control group C1 were compared to those of groups Ahigh dose 
and Blow dose. The mean gene transcript levels ± SD for groups Ahigh dose and Blow dose 
relative to group C1 at 18, 24 and 36 h p.i. are presented in Figures 6B–2A, 6B–2B 
and 6B–2C and Appendix 9, respectively.  
 Oral administration of DnaK prior to the infection had no significant influence 
on the expression of tlr3, tlr5 and ccr9 genes. Regarding cas1 and il1β, a high and/or 
low dose of DnaK significantly increased the transcription of the cas1 gene. 
However, significantly elevated cas1 mRNA levels were never accompanied or 
followed by elevated il1β mRNA levels. The expression of tnfα was only influenced 
early upon infection (18 h p.i.), resulting in a significantly upregulated expression. 
Both mif and il10 mRNA levels were sometimes significantly downregulated although 
the biological relevance of these observations can be questioned. Cc1, cxcl8 and 
cxcr4 mRNA levels were significantly upregulated at 18 and 24 h p.i..  
 At 36 h p.i., influences on the expression of immune-related genes were no 
longer observed when comparing groups Ahigh dose and Blow dose relatively to the non-
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treated, infected control group C1, except for a significant upregulation of cas1 in the 





Figure 6B–2 Expression of TLR, cytokine, chemokine and chemokine receptor genes at (A) 
18 h, (B) 24 h and (C) 36 h p.i. in non-treated infected larvae (group C1) and larvae which 
received ferritin-H at a high (Ahigh dose) or low dose (Blow dose) prior to the infection. Gene 
expression data are presented as fold-changes for Ahigh dose or Blow dose relative to C1. Vertical 
bars represent standard deviations. Asterisks (*) indicate a significant difference for Ahigh dose 
or Blow dose compared to C1. Letters indicate a significant difference between Ahigh dose and Blow 
dose (p<0.05). 
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6.10 Discussion 
 In this study, recombinant E. coli heat shock protein 70 (DnaK) was 
successfully expressed in E. coli as described by Baruah et al. (2010). The 
recombinant protein was successfully purified according to the method described by 
B. Hu et al. (2014). The amount of endotoxin content of the recombinant DnaK as 
previously showed, could not induce an immune response in a crustacean (B. Hu et 
al., 2014). In addition, an increase in the molecular mass of 83 kDa compared to the 
native DnaK (70 kDa) was due to the amino-terminal incorporation of thioredoxin 
encoded by the TOPO® cloning vector (B. Hu et al., 2014). Heat shock proteins 
(Hsps) are highly conserved cellular proteins which assist in polypeptide folding and 
function as molecular chaperones for cellular growth. These proteins are abundant 
and constitutively expressed during normal growth in both prokaryotes and 
eukaryotes, including fish. Additionally, numerous studies showed that Hsps might 
stimulate the immune response in brine shrimp (Artemia franciscana), Pacific white 
shrimp (Litopenaeus vannamei) and Southern platyfish (Xiphophorus maculatus) and 
protect against bacterial infections (Baruah et al., 2010; B. Hu et al., 2014; Ryckaert 
et al., 2010; Sung et al., 2009).  
 Axenic sea bass larvae fed with DnaK encapsulated in alginate microparticles 
were not significantly protected, although a significant upregulation of cas1 (but not 
il1β), tnfα (only in Ahigh dose), cc1, cxcl8, and cxcr4 was observed during the 
experiment in the groups receiving DnaK. The following genes were not significantly 
upregulated in our study: tlr3, tlr5, il1β, il10, mif and ccr9. Sarropoulou et al. (2012) 
already suggested a putative role for TLRs in protection created by the commercial 
oral vaccine against vibriosis in fish. TLR5, an important receptor for flagellin in the 
flagella of Vibrio spp. was not upregulated in our study, which might perhaps be 
related to the absence of protection. Nevertheless, further research is needed to 
examine this hypothesis.  
 Perhaps we induced tolerance rather than protection, by the subsequent use 
of DnaK and V. anguillarum, which also contains DnaK. Stimulation of TLRs by 
microbial components triggers the induction of inflammatory cytokines as seen in our 
study, but aberrant activation of TLR signaling may be harmful to the host (Kondo et 
al., 2012). Therefore, organisms have evolved mechanisms for modulating their TLR-
mediated responses. Bacterial heat shock proteins can, like LPS, stimulate TLR4 
(Bulut et al., 2002). Nomura et al. (2000) were the first to describe LPS tolerance in 
mouse macrophages, correlated with a downregulation of TLR4 expression following 
a repeated LPS administration. In zebrafish, TLR4 negatively regulates NF-κβ 
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activation (Sepulcre et al., 2009). We will try to examine this hypothesis in the future 
using different (lower) doses of DnaK.  
 Interestingly, cas1 mRNA levels were upregulated, but it was not 
accompanied or followed by an upregulation of il1β mRNA levels. In mammals, 
caspase-1 plays an essential role in cutting the 'pro-form' of the pro-inflammatory 
cytokine IL-1β (Miao et al., 2013; Sollberger et al., 2014) and the secretion of the 
mammalian mature IL-1β protein requires two signals. The first signal via TLRs (for 
instance flagellin) is responsible for the production of pro-IL-1β. In our study, tlr3 and 
tlr5 mRNA levels were not upregulated, which is certainly not optimal to obtain the 
first signal via TLRs. The second signal, via intracellular MAMPs/PAMPs or 
endogenous DAMPs, normally induces the oligomerization and assembly of an 
inflammasome necessary for the activation of caspase-1. According to Reis et al. 
(2012), sea bass pro-IL-1β has a cleavage site for caspase-1 that can process it into 
a mature IL-1β protein. Although the mechanism of IL-1β processing in teleost fish 
seems to be similar as in mammals, nobody could reproduce the data of the latter 
investigators in teleost fish. In mammals, NALPs (NLR family pyrin domains) play a 
role in the activation of caspase-1. They do this by forming a multi-protein complex 
known as the inflammasome. In zebrafish, NALP1 and NALP2 have been described 
(Y. W. Hu et al., 2014). They are believed to contribute to protection against both 
bacterial and viral infection but their signalling pathway is not fully revealed. 
 Galindo-Villegas et al. (2013) showed significantly higher il10 mRNA levels in 
protected European sea bass that received the TNFa adjuvanted commercial 
vaccine. The sea bass IL-10 works towards a silent elimination of infectious 
organisms with minimal inflammatory damage to the host tissue (Pinto et al., 2007). 
When looking at our infected groups Ahigh dose and Blow dose, il10 transcript levels were 
certainly not significantly upregulated. At 18 h p.i., they were even downregulated in 
the Blow dose group.  
 In mammals, MIF is a known key player in the inflammatory response and 
contributes to several biological functions including the control of cell cycle (through 
activation of ERK1/2), sensing of pathogen stimuli (upregulation of TLR4 
expression), recruitment of various immune cells (neutrophils, monocytes) and 
prevention of p53-mediated apoptosis of macrophages. MIF’s pro-inflammatory 
effects are crucial for an effective host defense (reviewed in Rex et al. 2013) and 
perhaps the absence of elevated mif mRNA levels could have contributed to the lack 
of protection. The sea bass macrophage migration inhibitory factor (MIF) is produced 
by numerous cell types mainly T lymphocytes and macrophages in response to 
inflammatory stimuli. Buonocore et al. (2010) analyzed the expression of sea bass 
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mif and its 3D structure model, but the mechanisms in which this cytokine is involved 
in sea bass, still needs to be unravelled. In our study, mif transcript levels most likely 
originated from macrophages as functional T cell were still absent, but the mif 
transcript levels observed in the DnaK experiment were indeed rather low as 
compared to the infected control group C1. 
 DnaK could not significantly protect sea bass larvae from mortality caused by 
V. anguillarum. Previously, Sung et al. (2009) and Baruah et al. (2010) showed the 
efficacy of feeding DnaK overproducing E. coli strains as a protective measure to 
axenic Artemia franciscana infected with V. campbellii. Baruah et al. (2010) found 
that the protective immunity achieved by DnaK in Artemia might be generated by 
priming the proPO system (melanisation and production of toxic short-lived 
intermediates), the center of the defense system in crustaceans, as reviewed by 
Cerenius et al. (2010). More recently, B. Hu et al. (2014) intramuscularly injected 
DnaK in shrimp (L. vannamei) and showed a significantly upregulated expression of 
the transglutaminase-1 and 2 genes (TGase-1, TGase-2) and of the 
prophenoloxidase-1 and 2 genes (proPO-1, proPO-2). Infection experiments were 
not included in this study, but the results nevertheless seem to confirm the findings of 
Baruah et al. (2010) on an immuno-stimulatory mechanism of DnaK in invertebrates 
leading to protection against vibrio infection. 
 We noticed no effect on survival using the same DnaK in a gnotobiotic sea 
bass larvae model of V. anguillarum infection. However, the only common feature 
between the current experiment and the experiments performed in invertebrates 
(Baruah et al., 2010; B. Hu et al., 2014; Sung et al., 2009) was DnaK, which could 
explain the different outcome. Doses and administration methods were not the same 
as in our study. Our results are more similar to the ones of Ryckaert et al. (2010) who 
injected Southern platyfish (X. maculatus) with a combination of two recombinant 
bacterial heat shock proteins (DnaK and GroEL) purified from E. coli (ProSpec-Tany 
Technogene, Rehovot, Israel). They observed reduced mortality following a Yersinia 
ruckeri infection. However, the effect only became significant if the administration of 
the two bacterial heat shock proteins was combined with an extra non-lethal heat 
shock. 
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6.11 Conclusions 
 In conclusion, according to former results in crustaceans, DnaK certainly can 
be used as an immunostimulant in invertebrates, having a proPO system. However, 
it seems not to be effective in sea bass larvae, at least not using the present 
experimental design.  
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CHAPTER 7  
General discussion, conclusions and 























7.1 General discussion 
7.1.1 European sea bass larviculture, disease and gnotobiotic model 
 The production of European sea bass (Dicentrarchus labrax) is continuously 
suffering from significant economic losses due to infectious diseases. Infectious 
diseases are affecting every live stage of production and they are being affiliated with 
the rapid expansion of intensive production of European sea bass. In nature, fish are 
surrounded by a complex, but mostly balanced microbial community, which might 
contain different pathogens (virus, bacteria, parasites or fungi). However, the 
infection pressure is generally low. Well-fed and healthy fish are most often capable 
of dealing with these pathogens so that disease can be prevented. However, in an 
aquaculture scenario, the microbial community is altered due to higher stocking 
densities of monospecies, relative to the densities in nature. The infection pressure 
might rise to levels where fish are no longer capable of defending themselves against 
disease outbreaks. Also, changes in biotic and/or abiotic variables may weaken the 
fish’s first line of defense and allow pathogens to penetrate, colonize and invade the 
host more easily (Hansen and Olafsen, 1999). A table summarizing the most 
important diseases in larvicuture and the preventive measures against them is 
presented in Chapter 2 (see Table 2−3). Regardless of all these preventive 
measures, infectious disease outbreaks are still occurring. 
 Thus, aquaculture often has to deal with infectious diseases such as vibriosis, 
caused by Vibrio anguillarum, which is a Gram-negative pathogen. Vibriosis is a 
classic example of a stress-born disease (Sitjà-Bobadilla et al., 2014). Apart from the 
European sea bass (D. labrax), vibriosis is also affecting some other commercially 
important cultured fish species such as gilt-head sea bream (Sparus aurata), silver 
sea bream (Sparus sabra), sharpsnout sea bream (Puntazzo puntazzo), red porgy 
(Pagrus pagrus), sole (Solea senegalensis), turbot (Scophthalmus maximus) and 
Atlantic salmon (Salmo salar) (Korun and Timur, 2008). In the South of France, 
vibriosis causing problems post-weaning (0.2 to 0.5 g larva’s wet weight) was 
reported by Breuil and Haffner (1989). In Turkey, V. anguillarum was among other 
etiological agents (V. harveyi and V. ordalii) identified during vibriosis outbreaks in 
juvenile European sea bass (85 to 140 g) cultured in four different farms located in 
the Aegean region (Korun and Timur, 2008). In Croatia, vibriosis is currently a 
persistent problem causing total mortalities between 20-50% during the ongrowing 
period if proper treatment is not applied (Haenen et al., 2014). This suggests that 
vibriosis seems to pose more threat and is more frequently being reported in juvenile 
or adult fish compared to larvae. However, this could be due to the more prominent 
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and more typical (hemorrhages) clinical signs of a vibrio infection in juvenile and 
adults compared to larvae (Sandlund et al., 2010), who probably quickly die of 
vibriosis. Moreover, veterinary diagnosis is more routinely performed in juveniles and 
adults. If mortality occurs in larvae, the most cost-effective action is to restart the 
hatching process as soon as possible to ensure continuous availability of the larvae. 
In this case, a veterinary diagnosis is not routinely performed. V. anguillarum HI-610 
used in this study, was isolated from diseased cod (Samuelsen and Bergh, 2004) 
and its pathogenicity towards gnotobiotic larvae was clearly demonstrated in this 
study. V. anguillarum such as the strain HI-610 used in this study is an opportunistic 
pathogenic bacteria as previously reported (Frans et al., 2013; Li et al., 2014). 
Recently, strain HI-610 was ranked among the most virulent V. anguillarum strains 
when testing 29 V. anguillarum strains. Virulence (cumulative mortality) for cod, 
turbot and halibut was evaluated by inoculating single-egg cultures and monitoring 
mortality until the yolk sac feeding was insufficient as observed by mortality in non-
infected controls (Rønneseth et al., 2017). HI-610 did not possess the virulence 
plasmid pJM1 but had a vanchrobactin locus, which was presumably functional 
(Rønneseth et al., 2017). 
 In fish, the relationship with the evolving microbial community is a complex 
and dynamic relationship, that may be influenced by changes of abiotic factors, i.e. 
temperature, pH, dissolved oxygen, etc. The composition of the bacterial community 
in the aquaculture environment has a strong influence on the gut microbial flora of 
farmed animals, which is vital for their nutrition and disease resistance (Giatsis et al., 
2014). Therefore, from the microbiological and immunological point of view, deriving 
reproducible scientific data on candidate immunostimulants from experiments in fish 
and unravelling the mechanism of host immune responses is extremely difficult. The 
immune response of fish larvae will never reflect the sole effect of the given 
immunostimulatory compound and/or the effect of a model pathogen present during 
an experimental infection. In order to have a standardized and well-controlled model 
system, the gnotobiotic European sea bass larvae system has been developed in the 
Laboratory of Aquaculture and Artemia Reference Center, Ghent University 
(Dierckens et al., 2009). In addition, a V. anguillarum experimental infection model 
for gnotobiotic European sea bass larvae was established (Li et al., 2014; Rekecki et 
al., 2012). The infection method being used in this model is immersion. It is the 
natural infection route for V. anguillarum. The availability of a V. anguillarum 
challenge model in gnotobiotic sea bass larvae has created an opportunity to study 
the host-pathogen interactions and the immune mechanisms being involved in 
protection of fish larvae. 
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However, there is still one aspect we do have to keep in mind when using this 
gnotobiotic challenge model. The fish eggs are not derived from gnotobiotic or SPF 
adult fish. So, maternal derived IgM, lectin, lysozyme, complement factors C3 and B, 
phosvitin, lipovitellin and cathelicidin, might be present in the offspring. The hatchery 
monitors for the presence of diseases including infection caused by Vibrio sp., but 
the innate immune factors which can be effective against pathogens might always be 
present in the gnotobiotic offspring and their amount may vary depending on the 
immune status, fitness and for instance age of the breeder fish. This was probably 
also the case for the different gnotobiotic European sea bass larvae batches that 
were used in this study. The eggs went through the disinfection procedure as 
explained in Chapter 3. Followed by an axenity test for both the eggs and the 
hatched larvae. Although there was no growth of any bacteria observed from the 
results of the axenity test, we could not exclude the presence of viable but non-
culturable bacteria. In the work of Chapter 5, a striking difference in the survival of 
axenic larvae in between the first and second experiment was observed. We still 
have no explanation at the moment on the cause of high mortality of the axenic 
larvae in the second experiment. Adverse abiotic factor cannot be pointed out as the 
cause of the mortality because of the standardized conditions. However, 
undetermined biotic factors may contribute to the differences in survival. Garrido et 
al. (2015) highlighted that inter-individual difference such as metabolic rate, maternal 
energy (yolk content) may have impact on the size, growth and survival, even when 
individuals are kept in an optimal environmental condition. Thus, studies on host-
microbial interactions using a gnotobiotic animal model should consider the variability 
in biotic factors (i.e. stress due to handling) which may alter gene expression 
resulting in inter-individual difference. 
 
7.1.2 Microencapsulation of candidate immunostimulants and uptake by sea 
bass larvae 
 In Chapter 3, we evaluated drinking activity as well as microparticle uptake in 
axenic sea bass larvae. The purposes of this study were to observe the drinking 
activity and microparticle size selectivity in order to design effective feeding as well 
as particle delivery schemes for gnotobiotic sea bass larvae. As in mammals, oral 
drug administration in fish larvae could be done by adding the drug into the culture 
water or by providing the drug through the food. We observed a drinking rate of 4.1 ± 
0.1 nL h-1 larva-1 which is lower than the drinking rate obtained in a previous study 
using conventionalized European sea bass. We speculated that the absence of 
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particulate material could have an influence on the drinking rate in axenic sea bass 
larvae. This speculation is supported by previous studies [sea water Atlantic salmon 
smolt; Usher et al. (1988); sea water-adapted rainbow trout; Tytler et al. (1990)] that 
observed an increase in drinking rate with the presence of food particles. 
Nevertheless, a note of caution is that these data were calculated from fish that were 
fed with dry-commercial pellet diets. Intake of dry-commercial pellet diets with low 
water content has been shown to increase water ingestion (Kristiansen and Cliff 
Rankin, 2001). However, this was not the case for fish that ingested natural food (i.e. 
other fish or invertebrate) with high water contents (Wood and Bucking, 2011). So we 
could extrapolate that, if the drinking rate of our sea bass larvae would be measured 
in the presence of inert microparticles which contain no water, the drinking rate of 
axenic sea bass larvae could be hypothetically increased. Until now, information 
related to water uptake in marine fish is scarce since it is still difficult to separate 
water uptake from ingested food versus water uptake from ingested water, especially 
at the larval stage. This should be a topic for further research. Since low drinking rate 
was observed in this study, adding a therapeutic drug with the aim to stimulate the 
immune system to the drinking water appeared to be unfeasible as an insufficient 
amount of bioactive drug might reach the fish larvae. 
 Next, observation on the microparticle uptake revealed that particles of 2 µm 
were taken up passively through the natural drinking activity of the larvae. While 
larger particles were actively taken up as they were more easily noticed by the larvae 
and probably regarded as prey. We concluded that feeding microparticles of at least 
≥ 45 µm would possibly ensure an uptake of the administered microparticles. Hence, 
we decided to develop an antigen encapsulation technique using the model protein 
BSA. The model antigen was encapsulated in alginate microparticles and orally 
delivered to sea bass larvae (Chapter 4). 
 Alginate was selected as the biopolymer because it is easily available, cheap 
and non-toxic (Rivas-Aravena et al., 2013). The aims of microencapsulation were: i) 
to create a carrier matrix for the candidate immunostimulants for oral delivery to sea 
bass larvae at DAH7, ii) to protect the candidate immunostimulants from the external 
environment and iii) to provide localized delivery into the gastrointestinal tract of the 
sea bass larvae. Oral delivery of antigens should be a non-stressful method for 
application in aquaculture, with ease of handling and no extra labour costs allowing 
mass application in fish, particularly larvae. Ji et al. (2015), highlighted the lack of 
routinely used alginate microencapsulation methods for oral delivery of active 
compounds to fish. Thus, the use of microparticles for oral delivery of 
immunostimulants to fish, especially to fish larvae, is still under research. It is not yet 
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practiced in aquaculture, but it looks like a promising technique to stimulate the 
innate immunity of fish larvae. In this study, we successfully encapsulated a model 
antigen (FITC-BSA) into alginate microparticles (median size of 83.19 ± 4.73 µm) 
using an optimized ionic cross-linking emulsification process. These microparticles 
showed a protein encapsulation efficiency of 10.6 ± 6.7% when 500 µg mL-1 of initial 
protein (FITC-BSA) was used. In our opinion, it would be interesting to further 
increase the protein encapsulation efficiency. This can be done in the future by 
optimizing several factors in the preparation method such as the amount of sodium 
alginate and the concentration of CaCl2. Our antigen loaded alginate microparticles 
were prepared by gelation of the beads. Gelation occurred simultaneously with the 
loading of antigen into the beads. This could have created a competition between the 
antigen molecules and the Ca2+ ions for binding to sites along the sodium alginate 
chains. Therefore, increasing the amount of CaCl2 and increasing alginate 
concentration (up to a certain limit) could be interesting in order to increase the 
encapsulation efficiency. The same has also been suggested by Nagpal et al., 
(2012).  
 The alginate microparticles also showed a minimal leakage of the 
encapsulated protein. We observed that small microparticles (< 20 µm) were 
ingested passively by the larvae through drinking activity, as also shown in Chapter 
3. Thus, affirming that the smaller alginate microparticles will also be ingested but 
rather unintentionally. Ingestion of alginate microparticles was observed in 81.9 ± 9.0 
% of the larvae 2 h of after feeding. Our data from this experiment showed the 
feasibility of the encapsulation process and of oral antigen delivery by alginate 
microparticles to marine fish larvae.  
 Nevertheless, there are still several other drawbacks, which we observed 
during this experiment, at least for the encapsulating recombinant proteins. The first 
one is the difficulty to have a large amount of the protein for the encapsulation 
procedure. We successfully produced the recombinant proteins in sufficient 
quantities and purified them accordingly. However, the production and purification of 
large amounts of recombinant proteins needed for encapsulation in alginate 
microparticles, especially the ones expressed in an eukaryote cell system, is not 
cost-efficient and it is time consuming. So, at this moment, the method can probably 
only be used for the encapsulation of proteins or other candidate immunostimulatory 
compounds which can be extracted in abundance from a natural source. 
The second limitation is the difficulty to determine the dose of antigen 
received by each individual larva. However, this is also the case for 
immunostimulation/vaccination in other farm animals like pigs and poultry, where for 
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instance mucosal vaccination through the drinking water or spray vaccination is 
used. We proved that sea bass larvae at DAH7 ingested the alginate microparticles 
and one of our earlier investigations by using inert microparticles (Fluoresbrite®) 
showed that sea bass larvae ingested a total volume of 105 ± 104 µm3 particles larva-
1. However, this observation of the ingested volume of inert microparticles was done 
based on inert microparticles with a very narrow size distribution. While in the work of 
Chapter 4, the prepared alginate microparticles were with a median size of 83.19 ± 
4.73 µm and with a larger size distribution compared to the previously used inert 
microparticles. Therefore, the precise amount of ingested immunostimulant per larva 
is difficult to determine. Perhaps isolation of the gut by laser dissection microscopy 
and subsequent quantification of the specific antigen in the contents of the gut and in 
the gut tissue by an enzyme-linked immunosorbent assay (ELISA) could be used. 
Although, larvae might be too small for this technique and the technique is rather 
laborious. In that case, homogenized whole larvae could be used. 
Nevertheless, development of candidate immunostimulants for fish larvae will 
at a certain time point require pharmacological (absorption, tissue distribution of 
drug) studies in larvae as well as studies on possible morphological abnormalities 
and toxicities in vital organs. Knowledge on the absorption of orally administered 
antigens is crucial. The alimentary tract of European sea bass larvae from the mouth 
opening (DAH4 and DAH5) onwards can be differentiated into five different segments 
namely the oropharynx, esophagus, gastric region, intestine (midgut) and rectum 
(hindgut) (García-Hernández et al., 2001; Rekecki et al., 2009). At DAH6, the oral 
cavity is lined by a simple squamous epithelium with a few taste buds, whereas the 
pharynx was covered with a stratified epithelium containing several goblet cells 
(Rekecki et al., 2009). Additionally, goblet cells from the first three regions of the sea 
bass larvae’s gut (oropharynx, esophagus and gastric region) contained both acid 
and neutral mucins. Mucins are produced in goblet cells and are an important 
component of the mucous that coats the wall of the intestine and provides a physical 
barrier against infections. In most marine fish larvae, including sea bass, at this early 
larval stage, only a presumptive stomach is present with the lack of acid hydrolysis 
that is important for efficient degradation of a protein complex (Rønnestad et al., 
2013). Although lacking a stomach and acid hydrolysis, marine fish larvae have 
shown to be capable of absorbing macromolecules including proteins through 
endocytosis that is followed by intracellular digestion in the mucosal cells of the 
hindgut (Rønnestad et al., 2007). The first segment of the alimentary tract of sea 
bass larvae at DAH9 did not differentiate that much from larvae at DAH6 (Rekecki et 
al., 2009). The larvae began exogenous feeding at DAH7 and some histological 
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alterations as thickening of the intestinal epithelium were observed in the midgut and 
hindgut at DAH9. At DAH14, midgut enterocytes contained more lipid vacuoles 
indicating absorption and storage of lipids. While in the hindgut, the presence of large 
supra-nuclear vacuoles resulting from pinocytotic absorption of nutrient or 
macromolecules, were more visible from DAH14 and onwards (Rekecki et al., 2009). 
Interestingly, our results (Chapter 4) showed intact and disintegrated alginate 
microparticles in the midgut whereas the microparticles were almost completely 
disintegrated in the hindgut and thus had released the antigens, ensuring local 
delivery at the bacterial replication site. The pH in the hindgut might induce 
disintegration of the alginate microparticles and therefore the release of FITC-BSA. 
In marine fish larvae (i.e. Atlantic halibut, turbot and Senegal sole), the pH of the 
hindgut ranges between 7 to 8 (Gomes et al., 2014; Hoehne-Reitan et al., 2001; 
Yúfera and Darías, 2007). The degradation of the polymer network of alginate 
microparticles can occur over time at basic pH. The process of degradation occurs 
due to an ion exchange reaction between the monovalent Na+ ions (present in the 
gut or sea water) and the bivalent Ca2+ ions (linked to carboxylic groups of alginate). 
The monovalent ions replace the bivalent ones causing an increase in the distance 
between the polymeric chains, resulting in water absorption and swelling of the 
microparticles. This process goes on over time, until the osmotic pressure in the 
microparticles that balances the polymeric chain is imbalanced and disintegration of 
the ‘egg-box’ structure of the microparticles occurs (Segale et al., 2016). 
Regarding gut development in gnotobiotic sea bass larvae, one might 
consider to begin immunostimulation at least one week after the opening of the 
mouth, for example at DAH14. This might improve the absorption and uptake of the 
immunostimulants at the gut mucosal surface. However, in practice, 
immunostimulants should be administered as soon as possible in order to prevent 
disease, they should be administered as soon as their immune receptors are 
expressed. In aquaculture species, development of the gut mucosal tissue might be 
quicker than in our gnotobiotic model. Rekecki et al. (2009) studied morphological 
differences during the development of the gut (i.e. intestinal epithelium height) of 
gnotobiotic sea bass larvae and conventionalized larvae. Differences mainly 
appeared after DAH14 due to the bacterial status and nutritional conditions (Rekecki 
et al., 2009). However, we don’t know if there is a difference in PRR expression, as 
this has not been studied so far. 
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7.1.3 Expression of immune-related genes during a Vibrio anguillarum 
infection 
 Fish larvae have to count on their innate immune system to combat infectious 
agents. Innate immune receptors (also known as pathogen recognition receptors; 
PRRs) on the cell membrane or in the cytoplasm of mucosal epithelial cells can 
recognize MAMPs/PAMPs/DAMPs. PRRs signaling results in a cellular signal 
transduction leading to the transcription of genes for cytokines, chemokines, growth 
factors, but also to the transcription of genes for anti-microbial peptides. These 
substances are secreted by the epithelial cells, and will activate the underlying 
dendritic cells (DCs) of fish. The epithelial cells, however, can also transport antigens 
(transcytosis) to the PRRs, which are present on the underlying DCs, whereafter the 
DCs become activated. Microbial antigens, thus can reach the DCs beneath the 
epithelial cells via transcytosis or via the paracellular path (if the tight junctions 
between epithelial cells are disrupted) and can also activate the PRRs of DCs.  
 Possible vibrio (Gram-negative bacterium with a flagellum) associated 
PAMPs that might stimulate the PRRs of fish are flagellin (TLR5), peptidoglycan 
(TLR1 and 2, and NOD1 and NOD2), lipoproteins (TLR1 and 2), lipo-arabinomannan 
(TLR1 and 2) and glycosyl-fosfatidylinositol (TLR1 and 2). The latter four are all 
present in the cell wall of this Gram-negative bacterium. We do not know which 
PRRs are present at these early live stages of European sea bass and if they are 
already expressed on mucosal epithelial cells in the skin, the gills and the gut (which 
are the primary replication sites for vibrio) or in innate immune cells. Except for the 
one observed in Chapter 6 (tlr3 and tlr5). In other fish species, the presence of 
functionally active PRRs has been described in the embryonic or early post-
embryonic stages. For example, in rainbow trout (O. mykiss), TLR5M and TLR5S 
were expressed at 1 h post-fertilization (p.f.). In Indian major carp (Labeo rohita) 
TLR2 was expressed at 7 h p.f. and in zebrafish (D. rario), TLR3 was expressed at 
22 h p.f. (Li et al., 2011; Phelan et al., 2005; Samanta et al., 2012).  
 So, we assume that at least some of the PRRs genes are being transcribed in 
sea bass larvae at these early life stages and that their mRNA is being translated into 
proteins, as V. anguillarum induced the expression of genes encoding for pro-
inflammatory cytokines and chemokines. Pro-inflammatory cytokines and 
chemokines can attract key cells (phagocytic) in innate immunity, such as 
granulocytes and macrophages which can attempt to clear the infection. The 
ontogeny of PRRs might be further explored in the future in order to improve our 
knowledge on innate immune defense mechanisms in sea bass larvae. For this 
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purpose, we would also like to analyse the translation profile of immune-related 
genes using proteomics and or antibody-based tissue staining techniques. 
 We did not study the expression of genes encoding for antimicrobial peptides. 
However, we intend to incorporate some of these genes in our RT-qPCR panel, like 
for instance genes encoding for hepcidins. Later on, we would like to develop an 
ELISA for the detection and quantification of these peptides. Quantifying the vibrio 
load (by plating) in tissues together with a quantification of the anti-microbial peptides 
in the larvae would add valuable new tools to our vibrio challenge model in 
gnotobiotic sea bass larvae, tools which could fine-tune our method for selecting the 
most promising candidate immunostimulants. 
 
7.1.4 Ferritin-H and DnaK as candidate immunostimulants and their 
unexpected mode of action 
7.1.4.1 Ferritin-H 
Our hypothesis that recombinant ferritin-H may stimulate the innate immune 
system of European sea bass larvae was unfortunately not supported by our results 
on the survival percentages after a V. anguillarum challenge and on the expression 
of innate immune-related genes. Our results pointed more towards 
immunosuppression by ferritin-H, as also observed in humans.  
 In humans, ferritin-H induced the expression of the anti-inflammatory cytokine 
IL-10 in lymphocytes (Gray et al., 2002), and IL-10 suppressed the immune 
response. We could examine if recombinant sea bass ferritin-H on its own is able to 
induce IL-10 by administering different doses of ferritin-H to groups of unchallenged 
animals. In our experiment, a combination of IL-10 produced by vibrio (as observed 
in Chapter 6, part A) and IL-10 that hypothetically induced by ferritin-H, would 
normally have resulted in higher il10 mRNA levels as the ones we observed. Thus, 
we do not think that induction of IL-10 by ferritin-H is the explanation for the observed 
immunosuppressive effect.  
 As stated in Chapter 6 part A, another possibility for the high mortality in the 
ferritin-H treated groups could be the absence of a specific ferritin-H receptor in the 
larval stage. This might be further examined by generating polyclonal antibodies 
against our recombinant ferritin-H and subsequent use of these antibodies in 
immunofluorescence staining of larval tissues taken at different time points after 
hatching to locate the ferritin-H receptor. However, as stated earlier, ferritin-H binds 
to the ferritin receptor but probably also to different chemokine receptors as CXCR4. 
Thus, perhaps, it would be better to explore the use of tip-enhanced Raman 
Chapter 7 
 186 
scattering (TERS) (reviewed in Kumar et al. (2015)) for identifying the specific 
spectra of both ferritin-H and the ferritin-H receptor at the same time.  
 Human ferritin-H inhibits lymphoid and myeloid cell proliferation and 
suppresses myeloid cell differentiation and migration through a mechanism involving 
the inhibition of CXCR4-mediated ERK1/2 activation (activation of the MAP kinase 
pathway). Thus, sea bass ferritin-H might be a negative regulator of CXCR4. As 
mentioned in Chapter 6 part A, we intend to investigate this hypothesis further using 
cells stably expressing sea bass CXCR4 (transfected CHO cells) in combination with 
confocal laser scanning microscopy for examining the cytoplasmic co-localisation of 
sea bass ferritin-H and CXCR4 as well as possible nuclear translocation of ferritin-H. 
In addition, we might try to study the physiological activity (functional analysis) of sea 
bass ferritin-H by developing a myeloid stem cell (MSC) migration assay (cells from 
the head kidney of juvenile or adult sea bass) in vitro, using MSC’s seeded in the 
upper chamber of Transwell co-culture plates and incubated with different 
concentrations of recombinant sea bass ferritin-H diluted in chemotaxis buffer in the 
lower chamber. The migration index could be calculated based on the ratio of the 
number of cells crossing the filter between the two compartments toward the ferritin-
H gradients to the number of cells migrating toward chemotaxis buffer without ferritin-
H (control). 
 Oral administration of ferritin-H did not create a protective innate immune 
response against V. anguillarum. Thus, the fact that the transcription of this gene is 
upregulated in studies on bacterial infections in fish (Neves et al., 2009) does not 
reflect its importance for protection. Normally, ferritin is an intracellular protein that is 
mainly localized in the cytoplasm, although small amounts can be found in serum 
and other biological fluids. Kell and Pretorius (2014), argued that serum ferritin 
mainly arises from damaged cells, and thus is a marker of mammalian cell damage. 
Indeed, serum ferritin levels in mammals correlated with other biomarkers of cell 
damage, and with markers of: i) hydroxyl radical formation and oxidative stress, and 
ii) the severity of numerous diseases. In insects on the other hand, ferritin also 
seemed to be actively secreted (secretion signal) (Hamburger et al., 2005; Tang and 
Zhou, 2013). 
 If ferritin is a cell ‘damage marker’ in fish, high extracellular levels of this cell 
damage marker, might have resulted in the observed down regulation of the immune-
related genes to dampen the inflammatory response which could otherwise have led 
to additional cell damage. Perhaps, excess extracellular ferritin resulting from cell 
damage caused by vibrio and high levels of the orally administered ferritin-H, 
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resulted in the observed downregulation of immune-related genes (Chapter 6 part A). 
However, is it only a hypothesis and it needs to be investigated further.  
 
7.1.4.2 DnaK 
 Based on the work described in Chapter 6 part B, we currently question if 
Hsp70 (DnaK) has the potency to function as a significant immune stimulator in 
European sea bass larvae since no significant protection against V. anguillarum 
infection was observed.  
 We don’t think that the dose was too low, but this can easily be examined in 
future experiments. Perhaps we induced tolerance rather than protection, by the 
subsequent use of DnaK and V. anguillarum, which also contains DnaK. Stimulation 
of TLRs by microbial components triggers the induction of inflammatory cytokines as 
seen in our study, but aberrant activation of TLR signalling may be harmful to the 
host (Kondo et al., 2012). Therefore, organisms have evolved mechanisms for 
modulating their TLR-mediated responses. In mammals, bacterial heat shock 
proteins can, just like LPS, stimulate TLR4 (Bulut et al., 2002). Nomura et al. (2000) 
were the first to describe LPS tolerance in mouse macrophages, correlated with a 
downregulation of TLR4 expression following a repeated LPS administration. 
Perhaps we created DnaK ‘tolerance’. The hypothesis is supported by the 
observation of a downregulation of tlr3 and tlr5 by DnaK and a subsequent vibrio 
administration (Chapter 6 part B), whereas alone vibrio normally upregulates tlr3 and 
tlr5 (Chapter 6 part A).  
 The absence of protection might also be explained by the following. TLR4a 
and TLR4b have been described in fish, but their ligand is not identified yet (it is 
certainly not bacterial LPS). Interestingly, TLR4 is a negative regulator for NF-κβ 
signaling in zebrafish. NF-κβ signaling is responsible for the expression of genes 
encoding for pro-inflammatory cytokines, chemokines, interferons and anti-microbial 
peptides. Perhaps, DnaK can bind to TLR4 as in mammals. In zebrafish, TLR4 
signaling normally leads to a downregulation of genes encoding for pro-inflammatory 
cytokines, chemokines, interferons and anti-microbial peptides. This could perhaps 
also explain the absence of elevated il1b mRNA levels in the presence of 
significantly increased cas1 mRNA levels. But it cannot explain the significantly 
increase in cc1 and cxcl8 mRNA levels. Thus, it remains a speculation. We will try to 




 We examined prophylaxis of vibriosis by stimulating the innate immune 
system of gnotobiotic European sea bass larvae with candidate immunostimulants, 
being recombinant sea bass ferritin-H and recombinant E. coli DnaK. An oral delivery 
method for gnotobiotic sea bass larvae was successfully developed incorporating the 
immunostimulants in alginate microparticles. Next, cDNA-AFLP and RT-qPCR were 
compared for studying the expression of immune-related genes in sea bass. RT-
qPCR was selected as it was apparently more sensitive for the detection of immune-
related genes.  
 Recombinant ferritin-H or recombinant DnaK were incorporated in alginate 
microparticles for oral delivery to gnotobiotic sea bass larvae and successfully 
administered to the larvae. Our hypothesis that ferritin-H and DnaK may stimulate the 
innate immune system of European sea bass larvae was unfortunately not supported 
by our findings. Ferritin-H induced immunosuppression as observed in humans 
rather than immunostimulation as observed in crustaceans. DnaK, which could 
successfully stimulate the innate immune system of shrimp (Artemia franciscana and 
Litopenaeus vannamei), seemed not to be effective in sea bass larvae, at least not 
using the present amounts of DnaK.  
 
7.3 Future perspectives 
Based on the results obtained in this PhD study, further research is 
necessary to optimize certain aspects in the development of prophylaxis strategy 
using immunostimulants against vibriosis. Here we would like to mention the most 
important recommendations for further research.  
 
• Knowledge on the occurrence of vibriosis in hatcheries is limited. It would be 
interesting to perform an epidemiological study on the occurrence of different 
vibrio species in hatcheries and on their antibiotic susceptibility and virulence 
factors. 
• The presence of viable but non-culturable bacteria in the gnotobiotic 
European sea bass larvae can be determined in future experiments by direct 
viable counts (DVC). Nalidixic acid (a DNA-gyrase inhibitor) can be added 
into the gnotobiotic culture and followed by an observation under a bright field 
microscopy (Ramamurthy et al., 2014). Another possibility is by using a 
combination of a DVC method using novobiocin (also a DNA-gyrase inhibitor) 
and fluorescent in situ hybridization (FISH) (DVC-FISH) (Piqueres et al., 
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2006). Nalidixic acid and novobiocin are antibiotics from the family of 
quinolones that inhibit the cell division of viable bacteria and therefore grow to 
form elongated cells. These elongated cells can be easily observed by 
microscopy. Additionally, detection of vibrio mRNA by RT-PCR could be 
used, although it will be more difficult in dead animals. 
• Further optimization of the alginate microparticle preparation technique to 
increase the encapsulation efficiency would be beneficial. 
• It is also interesting to determine the amount of ingested immunostimulants 
by sea bass larvae using ELISA. Therefore, polyclonal antibodies against the 
immunostimulants needed to be prepared. This could be done by immunizing 
rabbits with the recombinant proteins. 
• In Chapter 6, we observed no protection against a V. anguillarum infection in 
fish larvae at DAH7 and perhaps, immunostimulation could be done at the 
later larval stage i.e. DAH14 of the gnotobiotic sea bass in combination with 
the axenic food (Artemia) for the larvae. However, in practice, this might be 
too late. Results on the epidemiological study in hatcheries could reveal the 
answer on this. 
• In the future, additional immunostimulants might be evaluated in conventional 
fish larvae and even juveniles taking into account the recently published 
recommendations regarding the ‘Minimum Information required to support a 
Stimulant Assessment experiment’ (MISA guidelines) in aquaculture species 
(see Appendix 10) Hauton et al. (2015). These guidelines include the need 
for different treatment protocols to find the effective dosage, frequency of 
administration and also potential toxic effects.  
 
Secondly, more research tools that can aid in the development of effective 
prophylactics can be developed: 
 
• Candidate immunostimulants could be screened using in vitro assays, for 
instance a sea bass head kidney cell culture in which cytokine gene 
expression could be measured. 
• Proteomics to study the immune response and antibody-based tissue staining 
techniques for the identification of immune cell populations. 
• Exploring the use of tip-enhanced Raman scattering (TERS) for identifying 
the specific spectra of both ferritin-H and the ferritin-H receptor at the same 
time (to observe if ferritin-H receptor exist in sea bass larvae). 
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• Investigation of the cytoplasmic co-localization of sea bass ferritin-H and 
CXCR4 as well as possible nuclear translocation of ferritin-H using cells 
stably expressing sea bass CXCR4 (transfected CHO cells) in combination 
with confocal laser scanning microscopy. 
• It is also interesting to study the physiological activity (functional analysis) of 
sea bass ferritin-H in vitro by developing a myeloid stem cell (MSC) migration 
assay (cells from the head kidney of juvenile or adult sea bass). 
 
Finally, the genome of European sea bass is now available [(Tine et al., 2014; 
GenBank/EMBL/DDBJ Sequence Read Archive under the accession codes 
http://www.ebi.ac.uk/cgi-bin/emblfetch?style=html&id=CBXY010000001 to 
http://www.ebi.ac.uk/cgi-bin/emblfetch?style=html&id=CBXY010037781 (for Contigs) 
and HG916827 to HG916851 (for chromosomal scale assembly)]. The knowledge of 
genome sequence will provide powerful tools for the research community and will aid 
in the determination of the genetic factors involved in the regulation of complex traits. 
 
• By using high-throughput RNA sequencing, we can get a holistic view of the 
host response to infectious disease for instance vibrio, and identify the 
important genes and pathway defining genetic resistance. This has been 
done in rainbow trout, where, many new immune-related genes and full 
length cDNAs were being identified based on deep-sequencing data of the 
spleen transcriptome (Ali et al., 2014). 
• The availability of the sea bass genome hopefully will also assist us in future 
deep-sequencing research on the innate immune system of sea bass larvae, 
unravelling signal transduction pathways, immune mechanisms and novel key 
effectors in protective innate immunity. 
• Novel key immune effectors might be incorporated into alginate microparticles 
and tested as a drug for their protective capacity against vibriosis, or even 
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Volume to add (µL) for number 
(x) of samples 
x = 10 
First strand complementary DNA (cDNA) synthesis mix 
 Oligo dT25 bio (700 ng µL-1) 10 
5x first strand buffer 80 
dNTP mix (10 mM) 20 
Superscript II (200 U µL-1) 10 
DTT (0.1 M) 40 
DEPC-water 40 
Final volume 200 
  Second strand cDNA synthesis mix 
 10x second strand buffer 160 
dNTP mix (10 mM) 30 
DTT (0.1 M) 60 
Escherichia coli ligase (10 U µL-1) 15 
Ribonuclease H (5 U µL-1) 3.2 
NAD (10 mM) 16 
DNA polymerase I (10 U µL-1) 50 
Water 865.8 
Final volume 1200 
Appendix 1 First and second strand complementary DNA (cDNA) synthesis mixes for 



















Volume to add (µL) for number 
(x) of samples 
x = 10 
First digestion mix 
 BstYI (10 U µL-1) 10 
10x RL buffer 40 
Water 150 
Final volume 200 
  Second digestion mix 
 MseI (10 U µL-1) 10 
10x RL buffer 40 
Water 50 
Final volume 100 
  Ligation mix 
 BstYI adapter (5 pmol  µL-1) 10 
MseI adapter (50 pmol µL-1) 10 
10x RL buffer 10 
T4 DNA ligase (1 U µL-1) 10 
ATP (10 mM) 10 
BstYI (10 U µL-1) 10 
Water 40 
Final volume 100 
Appendix 2 First and second digestion mix and ligation mix for PCR template preparation 
(Vuylsteke et al., 2007). 
 
Compound 
Volume to add (µL) for number 
(x) of samples 
x = 10 
BstYI + 2 primer (50 ng  µL-1) 15 
MseI + 0 primer (50 ng µL-1) 15 
AmpliTaq (5 U µL-1) 2 
10x PCR buffer 50 
MgCl2 50 
dNTP mix (5 mM) 20 
Water 298 
Final volume 450 




No.  GenBank Accession No. Gene Protein Functional category Reference 
1 AM984765 CDN27 D. labrax cDNA clone (cDN27) − − 
2 P10044 GAMMA-M2 Gamma-crystallin M2 Neural development Nguyên et al. (2001) 
3 Q95KE5 MRPL43 Mitochondrial ribosomal protein L43 Protein biosynthesis Kenmochi et al. (2001) 
4 P84089 ERH Enhancer of rudimentary homolog Cell cycle Weng et al. (2015) 
5 FM026181 CDN34 D. labrax cDNA clone (cDN34) − − 
6 AM981571  MGE014 D. labrax cDNA clone (mge014) − − 
7 FM000966 CDN22 D. labrax cDNA clone (cDN22) − − 
8 Q2KIS3 UBL7 Ubiquitin-like protein 7 − − 
9 P10044 GAMMA-M2 Gamma-crystallin M2 Neural development Nguyên et al. (2001) 
10 Q95LF0 IL13RA2 Interleukin-13 receptor subunit alpha-2 Immune response Hodgkinson et al. (2007) 
11 CX660832 ESTSB90 D. labrax cDNA clone (ESTSb90) − − 
12 FM024622 CDN33 D. labrax cDNA clone (cDN33) − − 
13 Q7Z9I4 SPCC663.06C Uncharacterized oxidoreductase C663.06c − − 
14 Q6PFQ2 EIF3c Eukaryotic translation initiation factor 3 subunit C Translation initiation Chouduri et al. (2010) 
15 B0VYX4 COX5A Cytochrome c oxidase subunit 5A, mitochondrial − − 
16 Q5XI73 ARGHDIA Rho GDP-dissociation inhibitor 1 − − 
17 FM001428 CDN22 D. labrax cDNA clone (cDN22) − − 
18 Q98972 ACTA1 Muscle actin  − − 
19 Q8HY81 CTSS Cathepsin S − − 
20 Q90YT2 RPL36 60S ribosomal protein L36 − − 
21 O00534 VWA5A von Willebrand factor A domain-containing protein 5A − − 
22 Q5T764 IFIT1B 
Interferon-induced protein with tetratricopeptide 
repeats 1B 
Immune response − 
23 Q90YT2 RPL36 60S ribosomal protein L36 − − 
24 FM004282 CDN23 D. labrax cDNA clone (cDN23) − − 
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25 FM06891 N/A Unidentified − − 
26 FK940764 DLSNP0003108 
D. labrax spleen infected with Nodavirus cDNA clone 
(DLSNP0003I08) 
− − 
27 Q6DK99 CNFN-B Cornifelin homolog B − − 
28 Q8N5F7 NKAP NF-kappa-B-activating protein Immune response − 
29 P36957 DLST Dihydrolipoyllysine-residue succinyltransferase Energy pathway − 
30 FM011613 CDN27 D. labrax cDNA clone (cDN27) − − 
31 FP239750 SBUB07B01M09 
D. labrax pathogen brain late cDNA clone 
(sbub07b01m09) 
− − 
32 NP_001133585 CADHERIN17 Cadherin-17 − − 
33 Q5Q0U5 SGK1 Serine/threonine-protein kinase Sgk1 − − 
34 Predicted ORF2 ORF2-encoded protein − − 
35 Q4V7C6 GMPS GMP synthase [glutamine-hydrolyzing] GMP biosynthesis − 
36 Q8BMP6 GCP60 Golgi resident protein GCP60 − − 
37 FM004047 CDN23 D. labrax cDNA clone (cDN23) − − 
38 P82264 GLUD1 Glutamate dehydrogenase (mitochondrial) Urea synthesis 
Spanaki and Plaitakis 
(2012) 
39 Q91060 TUBULIN Tubulin alpha chain − − 
40 FM017023 CDN29 D. labrax cDNA clone (cDN29) − − 
41 Q5XJ54 GLRX3 Glutaredoxin 3 − − 
42 P08603 CHF Complement factor H − − 
43 FM988585 CDN36 D. labrax cDNA clone (cDN36) − − 
Appendix 4 List of genes from hierarchical clustering of the averages of the comparison of the axenic larvae in both experiments, analyzing the difference in 









Gene Protein Functional category Reference 
1 FM002015 N/A D. labrax cDNA clone (cDNA22) − − 
2 P36957 DLST Dihydrolipoyllysine-residue succinyltransferase Energy pathways Mazurais et al. (2011) 
3 O15145 ARPC3 Actin-related protein 2/3 complex subunit 3 Cell motility 
Mechesky and Gould 
(1999) 
4 Q5R8S7 PPIA Peptidyl-prolyl cis-trans isomerase A − − 
5 P61963 DCAF7 DDB1 and CUL4 associated factor 7 − − 
6 O93484 COL1A2 Collagen alpha-2(I) chain Bone development Mazurais et al. (2011) 
7 Q4R6R4 BZW2 Basic leucine zipper and W2 domain-containing protein 2 − − 
8 AM981806 N/A D. labrax cDNA clone (mge014) − − 
9 Q8JFQ6 KRT13 Keratin, type I cytoskeletal 13 − − 
10 FM014569 N/A D. labrax cDNA clone (cDNA28) − − 
11 O75964 ATP5L 
ATP synthase, H+ transporting, mitochondrial Fo 
complex, subunit G 
Energy pathways Mazurais et al. (2011) 
12 P58372 RPL30 60S ribosomal protein L30 Protein biosynthesis Mazurais et al. (2011) 
13 Q6PFQ2 EIF3c Eukaryotic translation initiation factor 3 subunit C Protein biosynthesis Mazurais et al. (2011) 
14 P00564 CKM Creatine kinase M-type Energy pathways Mazurais et al. (2011) 
15 P62972 LOC100190766 Ubiquitin − − 
16 P86229 KRTCAP2 Keratinocyte-associated protein 2 − − 
17 P02609 MYLPF Myosin regulatory light chain 2 Muscle development Mazurais et al. (2011) 
18 AM982171 N/A D. labrax cDNA clone (mge014) − − 
19 Q5R8X6 PLG Plasminogen − − 
20 P10044 GAMMA-M2 Gamma-crystallin M2 Neural development Nguyên et al. (2001) 










Gene Protein Functional category Reference 
1 P59113 FERMT1 Fermitin family homolog 1 − − 
2 O74521 SPCC663.15c Uncharacterized protein C663.15c − − 
3 P78417 GSTO1 Glutathione S-transferase omega-1 Glutathionylation cycle Menon and Board (2013) 
Appendix 6 List of genes from hierarchical clustering of the averages of the comparison of axenic versus conventionalize larvae from experiment 1. Data is 









Time (p.i.) Gene 
Gene expression (fold) ± SD 
C2 (no MPs + Vibrio) C3 (no MPs + no Vibrio) 
18 h 
tlr3 *13.65 ± 5.65 1.12 ± 0.61 
tlr5 *25.33 ± 10.48 1.02 ± 0.25 
cas1 *45.67 ± 28.23 1.11 ± 0.66 
il1β *18.70 ± 3.02 1.17 ± 0.71 
tnfα 8.02 ± 6.94 1.11 ± 0.55 
mif *609.58 ± 199.51 1.22 ± 0.75 
il10 *159.45 ± 31.02 1.09 ± 0.53 
cc1 *16.95 ± 2.67 1.16 ± 0.79 
cxcl8 2.79 ± 2.44 1.17 ± 0.77 
cxcr4 *0.01 ± 0.01 1.18 ± 0.81 
ccr9 *0.13 ± 0.08 1.17 ± 0.75 
    
24 h 
tlr3 *10.21 ± 7.07 1.09 ± 0.49 
tlr5 *18.46 ± 12.80 1.04 ± 0.36 
cas1 *51.82 ± 11.43 1.01 ± 0.19 
il1β *15.41 ± 5.17 1.04 ± 0.35 
tnfα *61.69 ± 28.00 1.05 ± 0.40 
mif *150.54 ± 58.15 1.03 ± 0.35 
il10 *128.11 ± 122.71 1.12 ± 0.62 
cc1 *15.59 ± 12.57 1.10 ± 0.61 
cxcl8 2.58 ± 3.63 1.04 ± 0.32 
cxcr4 *0.15 ± 0.19 1.12 ± 0.60 
ccr9 *0.15 ± 0.07 1.07  ± 0.49 
    
36 h 
tlr3 *24.27 ± 15.94 1.04 ± 0.33 
tlr5 *24.32 ± 15.94 1.04 ± 0.33 
cas1 *680.30 ± 412.62 1.05 ± 0.38 
il1β *17.53 ± 18.64 1.12 ± 0.56 
tnfα 1.87 ± 1.41 1.09 ± 0.57 
mif 0.90 ± 0.92 1.02 ± 0.25 
il10 *0.02 ± 0.03 1.04 ± 0.35 
cc1 18.27 ± 20.01 1.05 ± 0.12 
cxcl8 *3656.33 ± 2804.33 1.05 ± 0.35 
cxcr4 *0.12 ± 0.09 1.04 ± 0.36 
ccr9 1.64 ± 2.37 1.05 ± 0.41 
Appendix 7 The effect of V. anguillarum infection. Mean value of all gene transcript levels for 
group C2 (infected larvae) relative to C3 (non-infected larvae) at 18, 24 and 36 h p.i. Asterisks 






Gene expression (fold) ± SD 
C1 (empty MPs + 
Vibrio) 
Ahigh dose (MPs with 
Ag + Vibrio) 
Blow dose (MPs 
with Ag + Vibrio) 
18 h 
tlr3 1.01 ± 0.13 0.81 ± 0.42 1.11 ± 0.25 
tlr5 1.02 ± 0.26 0.77 ± 0.21 0.66 ± 0.19 
cas1 1.02 ± 0.24 *12.98 ± 1.72 *10.45 ± 1.82 
il1β 1.33 ± 0.98 0.71 ± 0.36 0.44 ± 0.11 
tnfα 1.11 ± 0.63 *0.07 ± 0.05 *0.22 ± 0.13 
mif 1.03 ± 0.30 0.60 ± 0.05 *0.45 ± 0.18 
il10 1.04 ± 0.36 1.17 ± 1.33 0.56 ± 0.54 
cc1 1.22 ± 0.84 0.37 ± 0.21 *0.20 ± 0.09 
cxcl8 1.17 ± 0.76 a1.36 ± 0.10 b0.25 ± 0.10 
cxcr4 1.08 ± 0.51 *a8.78 ± 1.28 *b2.89 ± 0.93 
ccr9 1.02 ± 0.24 *a7.31 ± 0.41 *b4.76 ± 0.53 
     
24 h 
tlr3 1.18 ± 0.69 a1.00 ± 0.04 b1.48 ± 0.14 
tlr5 1.01 ± 0.14 *a0.63 ± 0.03 b0.78 ± 0.07 
cas1 1.21 ± 0.98 a1.34 ± 0.30 b3.08 ± 0.77 
il1β 1.18 ± 0.75 0.89 ± 0.53 1.34 ± 1.47 
tnfα 1.07 ± 0.43 0.92 ± 1.02 2.04 ± 0.65 
mif 1.03 ± 0.30 *0.32 ± 0.06 *0.21 ± 0.07 
il10 1.11 ± 0.57 0.65 ± 0.43 0.39 ± 0.24 
cc1 1.01 ± 0.22 0.71 ± 0.35 0.83 ± 0.44 
cxcl8 1.13 ± 0.65 2.97 ± 1.20 2.41 ± 0.28 
cxcr4 1.04 ± 0.33 a*4.26 ± 0.46 b*2.56 ± 0.44 
ccr9 1.17 ± 0.84 *2.75 ± 0.43 *3.11 ± 0.29 
     
36 h 
tlr3 1.05 ± 0.39 a0.85 ± 0.16 *b2.79 ± 0.40 
tlr5 1.02 ± 0.25 a0.96 ± 0.26 *b3.43 ± 1.95 
cas1 1.01 ± 0.14 *0.19 ± 0.04 *0.35 ± 0.21 
il1β 1.05 ± 0.37 *0.32 ± 0.12 *0.20 ± 0.08 
tnfα 1.13 ± 0.57 *a6.99 ± 2.74 b1.59 ± 0.12 
mif 1.03 ± 0.32 *a0.37 ± 0.09 b1.15 ± 0.52 
il10 1.14 ± 0.76 a2.23 ± 1.05 *b6.25 ± 1.63 
cc1 1.07 ± 0.43 1.75 ± 0.70 0.82 ± 0.32 
cxcl8 1.29 ± 0.91 *2881.39 ± 1879.57 *940.51 ± 568.86 
cxcr4 1.09 ± 0.55 *3.47 ± 0.36 *2.94 ± 0.16 
ccr9 1.08 ± 0.46 *2.38 ± 0.62 *2.12 ± 0.64 
Appendix 8 The effect of prophylactic use of ferritin-H. The mean value of all gene transcript 
levels ± SD for group Ahigh dose and Blow dose relative to group C1 at 18, 24 and 36 h p.i. 
Asterisks (*) indicate a significant difference for Ahigh dose or Blow dose compared to C1. Letters 




Appendix 9 The effect of prophylactic use of DnaK. The mean value of all gene transcript 
levels ± SD in experiment 2 (DnaK) for group Ahigh dose and Blow dose relative to group C1 at 18, 
24 and 36 h p.i. Asterisks (*) indicates a significant difference for Ahigh dose or Blow dose compared 




Gene expression (fold) ± SD 
C1 (empty MPs + 
Vibrio) 
Ahigh dose (MPs with 
Ag + Vibrio) 
Blow dose (MPs with 
Ag + Vibrio) 
18 h 
tlr3 1.01 ± 0.13 1.25 ± 0.18 0.84 ± 0.19 
tlr5 1.16 ± 0.63 1.90 ± 0.56 1.07 ± 0.30 
cas1 1.18 ± 0.69 *6.22 ± 3.31 *4.14 ± 1.00 
il1β 1.11 ± 0.58 a0.66 ± 0.31 *b0.04 ± 0.03 
tnfα 1.19 ± 0.73 *a17.24 ± 4.78 *b3.94 ± 2.46 
mif 1.00 ± 0.12 *a0.62 ± 0.13 *b0.39 ± 0.02 
il10 1.11 ± 0.58 a0.66 ± 0.31 *b0.04 ± 0.03 
cc1 1.06 ± 0.43 4.50 ± 2.96 1.12 ± 0.38 
cxcl8 1.19 ± 0.87 *a7.04 ± 1.17 b0.90 ± 0.67 
cxcr4 1.06 ± 0.45 *3.81 ± 2.40 *2.88 ± 0.67 
ccr9 1.17 ± 0.66 1.94 ± 0.81 1.49 ± 0.23 
     
24 h 
tlr3 1.06 ± 0.47 0.59 ± 0.03 0.61 ± 0.32 
tlr5 1.04 ± 0.35 1.51 ± 0.62 1.59 ± 0.95 
cas1 1.14 ± 0.62 *7.64 ± 3.10 3.11 ± 1.59 
il1β 1.01 ± 0.17 0.47 ± 0.35 0.22 ± 0.25 
tnfα 1.85 ± 2.12 6.43 ± 0.85 6.24 ± 0.50 
mif 1.02 ± 0.27 *0.39 ± 0.10 *0.44 ± 0.06 
il10 1.01 ± 0.17 0.47 ± 0.35 0.22 ± 0.25 
cc1 1.08 ± 0.48 *3.82 ± 0.75 *4.78 ± 1.91 
cxcl8 1.06 ± 0.45 1.05 ± 1.04 *2.97 ± 1.29 
cxcr4 1.05 ± 0.43 *2.56 ± 0.72 3.14 ± 0.75 
ccr9 1.02 ± 0.21 1.38 ± 0.18 1.07 ± 0.43 
     
36 h 
tlr3 1.02 ± 0.26 0.69 ± 0.23 1.06 ± 0.49 
tlr5 1.02 ± 0.26 0.97 ± 0.53 0.85 ± 0.16 
cas1 1.15 ± 0.62 2.66 ± 0.50 *4.14 ± 1.47 
il1β 1.11 ± 0.67 0.74 ± 0.03 0.79 ± 0.27 
tnfα 1.05 ± 0.41 1.00 ± 0.30 0.85 ± 0.29 
mif 1.03 ± 0.28 1.11 ± 0.50 1.52 ± 0.12 
il10 1.05 ± 0.40 1.17 ± 0.05 1.26 ± 0.43 
cc1 1.06 ± 0.43 1.25 ± 0.16 1.04 ± 0.18 
cxcl8 1.04 ± 0.32 1.05 ± 1.06 0.90 ± 0.63 
cxcr4 1.07 ± 0.45 0.80 ± 0.40 0.60 ± 0.29 




Fully identified host species, including data on: 
1. Life stage/age 
2. Origin of test organisms (geographic location, hatchery, wild collected) 
3. Rearing history of test organism, including stock density during acclimation, 
stimulation and challenge 
4. Molecular characterization of host strain 
5. Basal diet composition, feeding regime and feed conversion efficiency 
6. Categorization of existing gut flora, including molecular characterization 
7. Tank environmental conditions, including: temperature, salinity, light regime, water 
change regime, water filtration or sterilization, microbial characterization, nutrient 
load, oxygen concentration 
8. Assesment of the existing pathogen load of the test organisms using molecular 
methods or histopathology to corroborate external visual assesments of organism 
health 
 Stimulant 
Full characterization of test stimulant including: 
1. Full biochemical characterization 
2. Source (e.g. plant or algal tissue, harvest season, growth location, growth 
conditions) 
3. Detailed extraction method 
4. Dose administered by injection or immersion (if used) or by diet 
5. Interval of repeat exposure (if any), number of repeat exposures, doses 
6. Some assesment of uptake (detection in faeces?) 
7. Mortalities in treated hosts during stimulation regime 
 Test pathogen 
An infection study to confirm a protective effect is essential post stimulation. This will 
confirm an improvement in disease resistance over control treated animals. This 
should follow from the characterization of test pathogen including: 
1. Species and strain, including molecular characterization 
2. Origin of pathogen culture 
3. Dose administered by injection or immersion (if used) or by oral exposure 
4. Mortalities in hosts exposed to pathogen and in treatment controls with appropriate 
survivorship analysis 
 Data analysis 
Raw data should be available upon request as supplementary information 
Full description of statistical analysis should be provided, including tests for normality 
and homoscedacity of variance, power of any statistical analysis and anticipated 
effect size 
If gene expression is quantified as part of assessment, qPCR assays should be 
MIQE compliant 
Appendix 10 Recommendations for the Minimum Information required to support a Stimulant 













 The European sea bass (Dicentrarchus labrax L.) is one of the important 
aquaculture species. The production of this species is mainly through aquaculture 
with just over 10% being contributed through fishing. However, the production of sea 
bass is still hindered by a low and an unpredictable survival, especially during larval 
and juvenile stage. These early life stages are highly susceptible to diseases caused 
by e.g. bacteria, such as Vibrio spp. Diseases are considered to constitute a 
bottleneck for the expansion of sustainable aquaculture. In this thesis a strategy to 
increase disease resistance through oral feeding of putative immunostimulants, using 
microencapsulation as delivery system was investigated.  
 The introductory Chapter 1 provides a brief introduction to global aquaculture 
as well as European sea bass production. The specific objectives of this thesis are 
presented at the end of this chapter.  
The literature review in Chapter 2, summarizes the most important facts 
related to the problems faced by larviculture and focuses on Vibrio anguillarum as an 
infectious agent. In addition, the strategy of immunostimulation and the potential of 
alginate microparticles as a delivery system for immunostimulants in larviculture are 
summarized. 
 In the first experimental study described in Chapter 3, the drinking activity 
and microparticle size selection of axenic sea bass larvae at day after hatching 7 
(DAH7) was investigated. In fact, sea bass larvae actively select inert microparticles 
of a bigger size (45 µm) compared to smaller sized microparticles of 2, 10 or 20 µm. 
At DAH7, smaller particles might get ingested primarily by drinking sea water, which 
was estimated to be 4.1 ± 0.1 nL h-1 larva-1. Bigger particles are actively ingested as 
feed particles. These findings can form the basis for the development of a protocol to 
deliver immunostimulants to sea bass larvae by supplementing them microparticles 
incorporated with immunostimulants. 
In Chapter 4 a protocol is developed for preparing alginate microparticles, 
with an optimal size for oral delivery of putative immunostimulants to sea bass larvae 
at DAH7. Alginate microparticles loaded with a model antigen (fluorescein 
isothiocyanate conjugated-bovine serum albumin) were produced. The optimal 
concentration of alginate and CaCl2, the correct alginate viscosity and the 
appropriate preparatory conditions led to the creation of the desired microparticles 
size (80 µm of median size), appropriate for immunostimulant delivery to gnotobiotic 
and/or axenic sea bass larvae. These microparticles were stable in sea water and 
were successfully ingested by the larvae without causing any negative effects. In 
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addition, the microparticles disintegrated upon arrival in the hindgut of the larvae, 
which is necessary for effective immunostimulation. 
 In Chapter 5, the host response, at the transcriptional level, towards different 
microbial communities was investigated using real-time RT-qPCR and cDNA-AFLP. 
Three different experimental culture conditions of European sea bass larvae; axenic 
(germ-free), xenic (uncharacterized microbial community) and gnotobiotic 
(characterized microbial community) were investigated. Three genes were selected 
for the real-time RT-qPCR technique: i) a gene encoding for a pro-inflammatory 
cytokine (il1β), ii) a gene encoding for a chemokine (cxcl8) and iii) a gene encoding 
for an anti-inflammatory cytokine (il10). The RT-qPCR technique revealed a 
significant upregulation of il1β and cxcl8 in gnotobiotic and xenic larvae at DAH4, 
followed by an upregulation of il10 at DAH7 indicating an inflammatory innate 
immune response.  By using the cDNA-AFLP technique, a total of 66 EST’s, showing 
differential expression, were annotated which are involved in biological processes 
such as energy metabolism, protein biosynthesis, development of bone, nerve and 
muscle tissue and immune response. However, the il1β, cxcl8 and il10 genes were 
not among the 66 annotated genes as detected by the cDNA-AFLP technique. 
Therefore, it was decided to only apply real-time RT-qPCR, in the remainder of the 
research, using primers for the detection of a wider panel of functional well-
characterized immune-related genes. The panel consisted out of the following genes: 
tlr3, tlr5 (Toll-like pathogen recognition receptors), cas1 (caspase-1), il1β, tnfα (pro-
inflammatory cytokines), mif (macrophage migration inhibiting factor), cc1, cxcl8 
(chemokines), cxcr4, ccr9 (chemokine receptors) and il10 (anti-inflammatory 
cytokine). Subsequently, this technique was used in chapter 6A and 6B for the 
study of the non-specific (innate) immune response in sea bass larvae fed with 
candidate immunostimulants. 
 In Chapter 6A and 6B, two candidate immunostimulatory proteins, namely 
the recombinant sea bass ferritin-H (6A) and the recombinant E. coli DnaK (the 
bacterial heat shock protein 70) (6B), were produced and encapsulated in 
microparticles. Ferritin-H was mainly chosen based on literature data demonstrating 
that the transcription of the Dlfer gene, encoding for sea bass ferritin-H, was 
upregulated during a vibrio infection in sea bass. However, as far as we know, there 
were no data on ferritin-H administration in fish to prevent vibrio infections. DnaK was 
chosen based on previous research at the Laboratory for Aquaculture and Artemia 
Reference Center which showed that administering DnaK to gnotobiotic brine shrimp 
(Artemia franciscana) or specific pathogen free (SPF) shrimp (Litopenaeus 
vannamei) could lead to a stimulation of the innate immune system resulting in a 
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significant protection against an experimental vibrio infection. Therefore, the 
protective effect of orally administered recombinant ferritin-H or recombinant DnaK 
encapsulated in alginate microparticles, against a V. anguillarum infection was 
evaluated. The effect on mortality and on the expression of the above-mentioned 
innate immune genes was studied. For the latter, the RT-qPCR technique was used. 
In Chapter 6A, the results of the oral administration of recombinant ferritin-H 
were reported. Oral administration of the recombinant sea bass ferritin-H in alginate 
microparticles did not result in a significant protection against an experimental V. 
anguillarum infection. Gene expression analyses in larvae that received ferritin-H 
before the infection rather pointed towards immunosuppression by the ferritin-H. The 
same phenomenon has also been described for human ferritin-H. The results 
suggested that sea bass ferritin-H, just as in humans, is a negative regulator for the 
chemokine receptor CXCR4, resulting in the inhibition of the CXCR4-mediated 
activation of ERK1/2. ERK1/2 is an essential link in the ‘mitogen-activated protein 
kinase’ (MAPK) pathway. This pathway is important for cell proliferation, cell 
differentiation and cell migration (chemotaxis). Inhibition of these processes is 
detrimental to the function of the innate immune system, as no or less white blood 
cells can be produced and be attracted to the site of infection. Hereby, the immediate 
‘first line defense’ against an infection is affected. 
In Chapter 6B, the results of the administration of recombinant DnaK to 
gnotobiotic sea bass larvae were reported. Oral administration of the recombinant E. 
coli DnaK in alginate microparticles did not result in a significant protection against 
an experimental V. anguillarum infection. However, a significantly increased 
transcription was detected for cas1 (not for il1β), tnfα (only in group A, high dose), 
cc1, cxcl8, and cxcr4, which still points towards stimulation of the immune system.  
 Our findings could be due to the administration of an insufficient amount of 
DnaK, which could be examined in future experiments. On the other hand, tolerance 
instead of immunostimulation could be induced by the addition of recombinant DnaK. 
Addition of microbial components normally leads to a stimulation of TLRs and the 
subsequent production of inflammatory cytokines (inflammation) by the cell. 
Therefore, an overstimulation could become harmful for the host as it can lead to 
tissue damage and loss of function. Thus, overstimulation of TLRs by DnaK could 
perhaps have created a ‘negative feedback mechanism’, resulting in a 
downregulation of TLR genes. Such a mechanism was already described in mice 
where a repeated administering of bacterial LPS resulted in a significant decrease of 
the TLR4, the receptor for bacterial LPS in mammals. It is unknown if DnaK binds to 
sea bass TLR4. However, a significant upregulation of the tlr3 and tlr5 genes by 
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vibrio (Chapter 6A) disappears if DnaK was administered before the infection. The 
significant higher cas1 mRNA values in this study never coincided with or were never 
followed by increased values for il1β mRNA. After all, two signals are required for the 
production of mature IL-1β: i) a first signal via an inflammasome, which is responsible 
for the activation of caspase-1 (encoded by cas1) and ii) a second signal via TLRs, 
which leads to the production of pro- IL-1β. In humans, caspase-1 cuts pro- IL-1β to 
become mature IL-1β. However, the mechanism of IL-1β processing in fish still has 
to be studied.  
 Finally, in Chapter 7, the most important results obtained in this thesis were 
highlighted and discussed. It can be concluded that the development of an innovative 
immunostimulant delivery system for candidate immunostimulants for sea bass 
larvae was successful. However, the candidate immunostimulants tested here 
produced rather unexpected results and consequently constitute enthralling matter 
for further fundamental immunological research. The knowledge and the tools that 
were developed during this PhD research can be applied for the development of 
innovative strategies for the fight against infectious diseases in aquaculture, 








De Europese zeebaars (Dicentrarchus labrax L.) is een belangrijke soort in 
de  Europese aquacultuur. Slechts 10% van de totale productie wordt bekomen door 
visserij. Desalniettemin wordt de productie van zeebaars nog steeds geplaagd door 
een lage, onvoorspelbare overleving, vooral tijdens het larvaal en juveniel stadium. 
Daarnaast wordt de productie ook nog bemoeilijkt door de hoge gevoeligheid voor 
ziektes veroorzaakt door bijvoorbeeld verschillende Vibrio soorten. Al deze feiten 
vormen ‘flessenhalzen’ voor de expansie van duurzame aquacultuur. Er werd 
daarom in deze thesis een strategie onderzocht om via de voeding 
immunostimulantia toe te dienen via micro-encapsulatie, met als doel 
ziekteresistentie te verhogen. 
 Het inleidende in Hoofdstuk 1 vat de meest belangrijke feiten over de 
productie van Europese zeebaars samen en beschrijft de specifieke objectieven van 
deze studie. 
Hoofdstuk 2 beschrijft de problemen in de larvicultuur. Het brengt ook een 
overzicht van Vibrio anguillarum als ziektekiem in aquacultuur. Daarenboven werd de 
huidige kennis omtrent immunostimulatie in aquacultuur en toedieningsmethoden 
voor immunostimulantia in larvicultuur, onder andere door gebruik te maken van 
alginaat micropartikels, samengevat.  
 In de eerste experimentele studie, beschreven in Hoofdstuk 3, werd de 
drinkactiviteit van axenische zeebaarslarven onderzocht, alsook de opname van 
micropartikels op dag 7 na ontluiking (DNO7). Zeebaarslarven nemen selectief 
grotere inerte micropartikels (45 µm) op. Kleinere micropartikels van 2, 10 of 20 µm 
worden minder snel opgenomen. Er werd daarom verondersteld dat zeebaarslarven 
op DNO7 dergelijke kleinere partikels vooral inslikken op een passieve manier tijdens 
het drinken van zeewater. Larven blijken zeewater te drinken aan 4.1 ± 0.1 nL h-1 
larva-1. Grotere partikels worden actief opgenomen als voedselpartikels. Partikels 
van deze grootte kunnen dus gebruikt worden als vehikel/carrier om 
immunostimulantia toe te dienen aan zeebaarslarven. 
 In Hoofdstuk 4, werd een protocol ontwikkeld om alginaat micropartikels te 
bereiden met een optimale grootte om ze als drager te kunnen gebruiken voor orale 
toediening van immunostimulerende producten aan zeebaarslarven op DNO7. 
Alginaat micropartikels geladen met een model antigeen (fluoresceine isothiocyanaat 
geconjugeerd-runderserum albumine; BSA) werden bereid. De optimale alginaat- en 
CaCl2-concentratie, de correcte alginaatviscositeit en de gepaste bereidingscondities 
leidden tot de aanmaak van de gewenste micropartikel grootte (mediaan grootte: 80 
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µm), geschikt voor het voederen van gnotobiotische en/of axenische zeebaarslarven. 
Deze micropartikels waren stabiel in zeewater en werden succesvol ingeslikt door de 
larven zonder negatieve effecten te veroorzaken. Bovendien desintegreerden de 
micropartikels eens ze in de darm van de larven terecht gekomen waren, wat 
noodzakelijk is voor activatie van het immuunsysteem door het antigeen. 
 In Hoofdstuk 5, werd de response, op transcriptie niveau, van zeebaars-
larven op verschillende microbiële gemeenschappen bepaald. Hiervoor werd ‘real-
time RT-qPCR’ en cDNA-AFLP gebruikt. Drie verschillende experimentele condities 
werden uitgetest: axenische larven (bacterie-vrij), xenische larven (met een niet 
gekarakteriseerde microbiële gemeenschap) en gnotobiotische larven (met een 
gekarakteriseerde microbiële gemeenschap). Voor de ‘real-time RT-qPCR’ werden 
drie geselecteerde genen gebruikt: i) een gen coderend voor een pro-inflammatoir 
cytokine (il1β), ii) voor een chemokine (cxcl8) en iii) voor een anti-inflammatoir 
cytokine (il10).  Met deze techniek kon aangetoond worden dat de transcriptie van 
il1β en cxcl8 op DNO4 in gnotobiotische en xenische larven significant verhoogd is, 
vervolgd door een significante verhoging van de transcriptie van il10 op DNO7.  Aan 
de hand van cDNA-AFLP werden 66 EST’s gevonden, die differentieel tot expressie 
kwamen,  betrokken in biologische processen zoals energiemetabolisme, 
eiwitbiosynthese, ontwikkeling van been-, zenuw-, en spierweefsel en betrokken in 
de immuunrespons. De resultaten van de ‘real-time RT-qPCR’, namelijk transcriptie 
modulatie van il1β, cxcl8 en il10 door microbiële gemeenschappen) werden echter 
niet als dusdanig bevestigd door de cDNA-AFLP techniek. In het verder verloop van 
het doctoraatsonderzoek werd dan ook gekozen voor de RT-qPCR techniek, waarbij 
primer gebruikt werden voor een breed gamma aan immuungerelateerde genen. Dat 
gamma bestond uit: tlr3, tlr5 (“Toll-like pathogen recognition receptors”), cas1 
(caspase-1), il1β, tnfα (“pro-inflammatory cytokines”), mif (“macrophage migration 
inhibiting factor”), cc1, cxcl8 (“chemokines”), cxcr4, ccr9 (“chemokine receptors”) and 
il10 (“anti-inflammatory cytokine”). Deze techniek werd vervolgens gebruikt in 
Hoofdstuk 6A en 6B voor de studie van de niet-specifieke (aangeboren) 
immuunrespons bij gnotobiotische Europese zeebaarslarven na orale toediening van 
kandidaat immunostimulantia. 
 In Hoofdstuk 6A en 6B werden twee kandidaat immunostimulantia, namelijk 
het recombinant zeebaars ferritine-H (6A) en het recombinant E. coli DnaK (het 
bacteriële hitte schok eiwit 70) (6B), aangemaakt en geïncapsuleerd in alginaat 
micropartikels. Ferritine-H werd voornamelijk gekozen op basis van 
literatuurgegevens die aantoonden dat het Dlfer gen, coderend voor zeebaars 
ferritine-H, verhoogd afgeschreven werd tijdens een vibrio infectie in zeebaars. Er 
 
 233 
waren tot dusver echter geen gegevens over ferritine-H toediening bij vissen om 
vibrio infecties te voorkomen. DnaK werd gekozen op basis van voorafgaand 
onderzoek in het Laboratorium voor Aquacultuur en Artemia Referentie Centrum 
waarbij aangetoond werd dat toediening van DnaK aan gnotobiotische pekelkreeftjes 
(Artemia franciscana) of specifiek pathogeen vrije (SPV) garnalen (Litopenaeus 
vannamei) kon leiden tot een stimulatie van het aangeboren immuunsysteem waarna 
er een significante bescherming optrad tegen een experimentele vibrio infectie. 
Daarom werd het effect van een orale toediening (voederen) van recombinant 
ferritine-H of recombinant DnaK geïncapsuleerd in alginaat micropartikels aan 
gnotobiotische zeebaarslarven op DNO7 onderzocht. Het beschermend effect van 
deze kandidaat immunostimulantia tegen een V. anguillarum infectie werd 
beoordeeld door het effect op de mortaliteit te bestuderen alsmede het effect op de 
expressie van de bovenvermelde genen gerelateerd aan het aangeboren 
immuunsysteem. Dit laatste gebeurde met de  hulp van de RT-qPCR-techniek.  
 In Hoofdstuk 6A werden de resultaten van de toediening van recombinant 
ferritine-H beschreven. Orale toediening van recombinant zeebaars ferritine-H in 
alginaat micropartikels resulteerde niet in een significante bescherming tegen een 
experimentele V. anguillarum infectie. Genexpressieanalyse in larven die ferritine-H 
kregen vóór de infectie wees eerder in de richting van immuunsuppressie door 
ferritine-H. Dit werd ook beschreven voor humaan ferritine-H. De resultaten 
suggereerden dat zeebaars ferritine-H, net als bij de mens, een negatieve regulator 
is voor de chemokine receptor CXCR4, resulterend in de inhibitie van de CXCR4-
gemedieerde activatie van ERK1/2. ERK1/2 is een essentiële schakel in de ‘mitogen-
activated protein kinase’ (MAPK) ‘pathway’. Deze ‘pathway’ is belangrijk voor 
celproliferatie, celdifferentiatie en celmigratie (chemotaxis). Inhibitie van deze 
processen is nefast voor de functie van het aangeboren immuunsysteem, aangezien 
er geen of minder witte bloedcellen kunnen aangemaakt en aangetrokken worden 
naar een infectieplaats. Hierdoor is er geen onmiddellijke, ‘eerstelijns bescheming’ 
tegenover een infectie. 
 In Hoofdstuk 6B werden de resultaten van de toediening van recombinant 
DnaK aan zeebaarslarven beschreven. Orale toediening van recombinant E. coli 
DnaK in alginaat micropartikels resulteerde niet in een significante bescherming 
tegen een experimentele V. anguillarum infectie. Er werd echter een significant 
verhoogde transcriptie waargenomen voor cas1 (niet voor il1β), tnfα (alleen in groep 
A, hoge dosis), cc1, cxcl8, en cxcr4, wat toch wijst op immunostimulatie.  
 Het zou kunnen dat de DnaK dosis te laag was en dit kan onderzocht worden 
in toekomstige experimenten. Anderzijds zou de toediening van recombinant DnaK 
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ook tolerantie hebben kunnen induceren. Toediening van microbiële componenten 
leidt normaal tot een stimulatie van TLRs en de daaropvolgende productie van 
inflammatoire cytokinen en chemokinen door de cel waardoor er een 
ontstekingsreactie ontstaat. Een ‘overweldigende’ stimulatie (ontstekingsreactie) kan 
nadelig worden voor de gastheer omdat het kan leiden tot weefselbeschadiging en 
functieverlies. Een te sterke stimulatie van TLRs door DnaK kan misschien leiden tot 
een ‘negatief feedback mechanisme’, bijgevolg een verlaagde expressie van deze 
TLRs. Een dergelijk mechanisme werd reeds beschreven bij de muis waar een 
herhaalde toediening van bacterieel LPS leidde tot een significante daling van de 
TLR4, de receptor voor bacterieel LPS bij zoogdieren. Het is niet geweten of DnaK 
bindt aan zeebaars TLR4. Er werd echter wel opgemerkt dat de eerder 
waargenomen (Hoofdstuk 6A) significante opregulatie van de tlr3 en tlr5 genen door 
vibrio, verdween als eerst recombinant DnaK werd toegediend gevolgd door de vibrio 
infectie.  
 Tolerantie zou misschien ook een verklaring kunnen zijn voor het feit dat de 
significant hogere cas1 mRNA waarden in deze studie nooit gepaard gingen of 
gevolgd werden door verhoogde waarden voor il1β mRNA. Er zijn immers twee 
signalen nodig voor de aanmaak van matuur IL-1β: i) een eerste signaal via een 
inflammasoom dat instaat voor de activatie van caspase-1 (gecodeerd door cas1) en 
ii) een tweede signaal via TLRs, dat leidt tot de aanmaak van pro-IL-1β. Bij mensen 
knipt caspase-1, pro-IL-1β tot matuur IL-1β. Dit mechanisme is echter in 
onvoldoende mate experimenteel onderbouwd bij vissen. Het mechanisme van IL-1β 
“processing” moet dus nog nader onderzocht worden.  
 Tenslotte werden in Hoofdstuk 7 de belangrijkste resultaten van deze thesis 
in de verf gezet en bediscussieerd. Er kan besloten worden dat het ontwikkelen van 
een innovatief toedieningssysteem voor kandidaat immunostimulantia voor 
zeebaarslarven succesvol was. De eerste geteste kandidaat immunostimulantia 
gaven echter opmerkelijke, eerder onverwachte, resultaten en bijgevolg boeiende 
materie voor verder fundamenteel immunologisch onderzoek. De kennis en de ‘tools’ 
die ontwikkeld werden tijdens dit doctoraatsonderzoek kunnen verder aangewend 
worden voor de ontwikkeling van innovatieve strategieën voor de bestrijding van 
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